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CHAPTER XVra. 

ABO-LIGHTIN0 DYKAHOB. 



In cases where lighting is to be done exclnsivelj by arc lamps 

in great numbers, it is usual to arrange the lamps all in $erie$^ 

even to as many as 100 to 200 lights, and to provide a 

r dynamo-machine which will give a constant, or neiiily 

constant, current at a sufficiently high voltage. The usual 

current for which arc lamps are designed is ten amperes. 

Some lamps are designed, however, for 8 or 6 amperes, and 

some for 4 amperes. These are therefore exceptions. On 

the other hand, the arc lamps used for search-lights and 

lighthouse work are designed to take larger currents, up to 

I 200 amperes or more. With continuous-currents arcs cannot 

N be maintained burning steadily unless they are fed at a 

^ pressure of about 40 to 45 volts for each lamp. If the 

^ pressure is insufficient, the arcs will be unstable and give out 

r[ a hissing sound. The steady arc behaves as though it 

I exercised a counter electromotive-force of about 89 volts. 

!^ When arc lamps are to be used in parallel with one another, 

* the mains must have a greater difference of potential than 

46 volts — 55 or 60 volts is preferable — in order that additional 

i resistances may be introduced to steady the current through 

^ each lamp. Such additional resistances are not necessaiy 

^ when a number of arc lamps are used in Meries^ as they help to 

steady one another. The great advantage in the series aixange^ 
ment is the saving in copper thereby effected. Alternate- 
current arcs only need a pressure of SO to 88 virtual volts. 

In arc^lighting in series, the function of the dynamo is to 
keep the amperes constant, no matter how many or few lamps 
are in circuit ; whilst each lamp is provided with a shunt 
device which governs the movement of the carbons, so tiiat 
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the feeding of them shall keep the length of the arc, and the 
volts at the terminals of the lamp, approximately constant. 

We may take it, therefore, that a system of 20 arcs in 
series will require a dynamo giving a current of, say, 10 
amperes, and a pressure, when all the lamps are in use, of 
nearly 1000 volts. This allows 45 volts per lamp, and 6 volts 
more for driving the current through the resistance of the 
wires between each lamp and the next. 

Constant-current dynamos are also needed for the 
purposes of municipal lighting by means of special glow- 
lamps (with thick carbon wires instead of thin filaments), 
connected in series, so that the same unvarying current flows 
successively through a large number of them. 

It was suggested by Deprez in 1881, that by a species of 
compound winding, consisting of an initial excitation and a 
shunt excitation combined, a dynamo might be constructed 
to give a constant current at constant speed. The assump- 
tion which underlay his reasoning, that the magnetism is 
proportional to the exciting power, is, we know, not justified 
except for the early and unstable stage of magnetization ; 
all attempts to produce a practical compaund Mrinding for 
this purpose have therefore failed. 

For the production of constant currents at such high 
voltages as 2000 to 3000 volts the ordinary ring and drum 
armatures, wound in a closed coil, in numerous sections, and 
provided with a commutator consisting of numerous closely- 
packed parallel bars, have not been found entirely satisfactory, 
for the commutator of this type is liable to give way under 
the high pressure, and to deteriorate under the action of long 
sparks fla&hing over its surface from brush to brush under the 
wide alterations of lead that are inseparable with this mode 
of working. Nevertheless, good results have been obtained 
by several firms (see p. 465) in the use of high voltages in 
machines having ordinary commutators with many segments. 

Experience, however, is in the main against the use of arma- 
tures of this type. More simple forms are needed that will 
not break down under the conditions of work. These forms 
are usually associated with other modes of construction in 
which the armature winding does not constitute a closed coil. 
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Open-coil Dynamos. 

As explained on p. 40, it Is possible to construct armatures 
in which the separate coils or sections of the windings are 
not united together in one closed circuit. An example is 
given in Fig. 299. This diagram (which should be compared 
with Fig. 83, p. 89) shows an armature consisting of two 
separate loops, set in planes at right angles to one another, 
so that when one is passing through the inactive region the 
other is in the position of maximum action. There is no 
reason why these two loops should not have each a separate 
2-part commutator like that of Fig. 24; and one pair of 
brushes might press on both commutators. It is, however. 




Fia. 299. Fio. 800.— FouB-PABT Ofen-ooil 

Simple Ofen-ooil Abicatdbe. Ring Abmatubb. 

obviously more convenient to unite these two commutators 
into a single one of four parts, as in Fig. 299 ; and then it 
will at once be seen that as this rotates between its pair 
of brushes one loop only will be in action at once, the other 
loop being cut out of circuit for the time being. It would 
clearly be possible to arrange any number of loops or coils 
in this way so that only that loop or coil which was passing 
through the position of maximum action should be feeding 
the brushes, all the rest being meantime open-circuited. A 
jing armature wound in sections might of course be similarly 
arranged, so that the pairs of sections have each a separate 
commutator ; and Fig. 800 (which should be compared with 
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Fig. 81, p. 88) shows such a ring, but with the two commu- 
tators cut down a^d formed into a 4-part collector. 

It will be noticed that each coil is joined at tiie back to 
the one diametrically opposite to it, and that the front ends 
of the coils pass to the commutator. As a matter of fact, it 
would make no difference in either of these armatures were 
the wires which cross at the back all united where thej meet. 

It will be seen that the position of the brushes with respect 
to the position of maximum action will not be the same as in 
the case of a closed-coil winding. In a closed-coil winding the 
diameter of commutation is near the coils of minimum action. 
With open-coil armatures the current is led directlj from the 
coils of maximum activity. 




Fig. dOl.'DlAORAM OF 0FEN4X>ni ABMiLTUBB. 

The current might be simultaneously collected from more 
than one coil at once, either (1) by making the pieces of the 
commutators overlap, or (2) by connecting to the brushes that 
touch on the line of maximum activity, another pair having 
either a forward or a backward lead. If we now consider 
Fig. 801 we shall see this a little more clearly. This figure 
is a diagram of such an armature, the coils or loops being 
here represented merely by wavy lines. 

The wavy line A C may represent either a pair of coils 
such as there are in Fig. 800 on the nng, or may represent;^ 
a single loop or group of windings round a drum. There 
is a pair of commutator-plates for A C, and another at right 
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angles for B D. Coils A and C are just coming into the 
position of best action shown by the line m rrJ ; they are 
delivering a ^ current to the brushes P P, and this current 
will accordingly increase a little, and then decrease again. 
Meantime coils B and D are idle. If the four parts of the 
compound commutator each occupy just a quarter of the 
circumference, it is clear that when A comes into action its 
plane makes an angle of 45^ with m m\ and that just as 
it leaves contact witii the brush it makes again an angle of 
45^ on the other side, being in contact with all intermediate 
positions; and so with each coil as it passes the brushes. 
There will be a momentary break of current and a spark 
as the two successive segments pass under the brush, unless 
the brush touches both at once. Remembering that Fig. 29, 
p. 38, represents the alternating electromotive-force from 
a single loop or pair of coils, and that Fig. 80, p, 88, repre- 
sents the same electromotive-force rectified by the use of a 
simple 2-part commutator, we shall be able to represent 
the effect of our new arrangement by some such diagram 
as Fig. 802. The angles marked below are reckoned from 
the neutral line n n'. When coil A has gone round 90^ from 
this position, it is in the position of maximum induction: 
but because segment A of the commutator is itself 90^ in 
breadth, the current will be collected from 45^ to 185^. 
The shaded portions of the curve show the discontinuous 
effect due to the coils A and C coming into circuit during 
two quarters of the rotation. The coils B and D come in 
in the intervals as indicated by the dotted lines. The 
induced currents will therefore present an approximate con- 
tinuity depending on the arrangements of the commutator 
and the brushes. Fig. 803 represents the effect if there were 
gaps between the segments and the commutator ; and it will 
be noticed that the electromotive-forces, though all of the 
same sign, are discontinuous. If the brushes thus left contact 
with one segment of the commutator before the next come into 
contact there would inevitably be a considerable amount of 
sparking. Fig. 804 shows the result of making contact with 

one set before the other set is cut out; the induced electro- 
29 
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motive-force being now continuous, but witii undulating 
fluctuations of strength. During the time when both sets of 
coils are in contact with the brushes, they are, of course, in 
parallel with one another. During this stage of the action 
the resistance of the armature is half as great as when one of 
the coils is cut out ; but it is necessary to cut out the idle 
coil, otherwise some of the current from the activacoil would 
flow back uselessly through the idle coil that was in parallel 
with it. During the time when the two sets of coils are in 
parallel they are not equally active. The induced electro- 
motive force is increasing in one and diminishing in the 
other ; there is but a moment when they are equally active 
— ^when they make equal angles with m nJ. At all other 



Fia. 802. 



Fio. 808. 




Fia. 804. 



CuBVES nxusTBATma the Production of Cubrentbby 
usma AN Ofen-ooil 4-pabt Abmatubb. 

moments the higher electromotive-force of the more active 
coil tends to send a back-current through the less active coil. 
This is to a certain extent opposed to the self-induction of 
the less active coil, and if contact is broken just at the moment 
when the higher electromotive-force has reduced the current in 
the less active coil to zero, the commutation will be sparkless. 
From whikt has now been said, it will be clear that open- 
coil armatures may be constructed either as rings, drums, or 
disks* They may be arranged to run either in a simple or 
in a multiple magnetic field. The principal dynamos con- 
structed upon this plan are the Brush machine and the 
Thomson-Houston machine ; but there are a few others which 
abo come within the category of open-coil dynamos. 
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BnuKa Dynamo. — One of tlie best known of these 
macHinea ia the Bnish dynamo (Fig. 806). The m^net heads 
are insulated with sheets of the so-oalled vulcanized fibre, 
thoroughly varnished. The cores are, however, first sat- 
Tonnded with a thin sheet of copper, soldered together at the 
edges so as to form a continuous tube or envelope. The 
object of this copper coating is to deaden sudden vibrations of 
magnetism of the iron cores. Over the copper envelope are 
wound four or five thicknesses of veiy heavy paper saturated 
with shellao varnish to insulate the wire from the iron. In 
some of the Brush dynamos there is a double winding, a shunt 
or " teazer " circuit being added to maintain the magnetism 



Fio. 806.— Cobb op Bbush Bino. 

of the field-magnetfi when the main current is opened. An 
automatic regulator, consisting of a carbon rheostat connected 
as a shunt to the m^net winding and operated by a solenoid 
in the main circuit, is applied to keeping the current constant 
(see p. 224, and Chapter XXIX.). 

The armature has, like the Pacinotti ring, projecting teeth 
between the coils, but, unlike that early form of armature, the 
successive sections are not connected in a closed circnit. 

The ring is built up of a thin iron ribbon 1*5 millimetres 
t^ck. Fig. 805 shows its construction, though in reality 
a lai^r number of pieces of thinner iron than Is shown are 
used. The ribbon is wound upon a circular foundation ring 
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A^ projecting cross-pieces of the same thickness (marked H) 
being inserted at intervals to separate the convolutions, 
admit of ventilation, and form suitable projections between 
which to wind the coils. It is secured by well-insulated 
radial bolts. All iron parts which are to adjoin the wire of 
the " bobbins " are covered first with a layer of strong heavy 
canvas saturated with shellac varnish, and in the case of 
the armature of the larger machines there are additional 
layers of tough paper saturated with shellac varnish. A sheet 
of strong cotton cloth inserted occasionally separates con- 
tiguous layers of wire from each other both in the armature 
bobbins and in the coils of the field-magnets. All the bobbins 
are wound by hand, in the same direction, and the inner ends 
of diametrically opposite bobbins are soldered together, and 
carefully insulated from all other wires and adjacent metal. 
The free outer ends of each pair of bobbins are separately 
carried through a boring in the shaft, and connected to dia- 
metrically opposite segments of the commutator. 

For each pair of coils there is a separate commutator. 
In the. No. 8 L size of machine, which is depicted in Fig. 806 
there are 12 coils on the armature, six commutators grouped 
in three pairs, and three sets of brushes. This size is com- 
monly known as a ^^ 60-light '* machine. Its electromotive- 
force at a speed of 800 revolutions per minute is 8000 volts. 

In considering the method in which the coils are joined up 
to the commutator, we will take the case of an 8-coil 
armature with the commutators grouped in two pairs ; it will 
then be easy to extend the method to the case of a twelve- 
coil machine. 

Continuity is obtained in the currents by making the two 
parts of the commutator of each pair of coils overlap those of 
the commutator belonging to the pair of coils that is at right 
angles, one pair of brushes resting on both commutators. 
Fig. 807 is a diagram illustrating this device. Each pair of 
segments overlap the other to the extent of 45^. Each of the 
two pairs of coils is thus cut out twice during a revolution ; 
it is twice in circuit alone, as when the brushes are at A A^ 
and four times in circuit along with the pair that are at 
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right angles, when the brushes are at B B', Fig. 808 showB in 
perspectiTe the commutator of an 8-coil Brush armature. 
There are really four commU'- 
tators here, corresponding to the 
four pairs of coUk, grouped in 
pairs ; one pair of commutators 
being set one-eighth of a rotation 
\ (45"} in advance of the other. 
I It will be seen from this figure 
r that while the brushes A A' 
(shown in dotted lines) are re- 
ceiving current from one fair of 
coils only, the brushes B B' are 
at the same instant receiving 
the current from tW9 p<ar$ of 
Fid. 80?.— FaibotOtsblafpinq coils which are joined in parallel 
with one another in consequence 
of both of their commutators 
touching the same pajr of brushes. The arrangement may 
be still further studied by the aid of Fig. 809, which also 
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Pia 808.— ^Bbusr Cohkdtator pok Abhatdsx wocbd wrra 
Poura Paibs or Coils. 

illustrates the way of connecting the brushes with the circuit. 
In this figure the eight coils are numbered as four pairs, and 
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I each pair has its own commotator, to which pass t^e outer 

r ends of liie wire of each coil, the inner ends of the two coils 

being united across to each other (not shown in the diagram). 

In the actual machine, each pair of coils, as it passes through 

the position of least action (i. e. a position somewhat past 

the vertical dotted line midway between the poles (Fig. S09}, 

J and when the number of m^netic lines passing through it is 

a maxtmuffl, and the rate of change of these magnetic lines 

\ a minimvim) is cut out of connection. This is accomplished 

j b; causing the two halves of Uie commutator to be separated 

t from one another hy about one-eighth of the circnmfereuce at 



FlO. 800.— CONNECnOHB OF Bbubh Dtkaxo. 

each side. In the figure it will be seen'that the coils marked 
1, 1, are " cut out." Neither of the two halves of the com- 
mutator touches the brushes. In this position, however, the 
coils 3, 8, at right angles to 1, 1, are in the position of best 
action, and the current powerfully induced in them floira out 
of the brush marked A (which is, therefore, the negative 
brush) into that marked A'. This brush is connected across to 
the brush marked B, where the current re-enters the armature. 
Now, the coils 2, 2 have just left the position of best action, 
and the coils 4, 4 are beginning to approach that position. 
Ill both these pairs of coils, therefore, ther^ mil be f^ ratbe^ 
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weaker electromotive-force. The current on passing into B 
splits, part going through coils 2, 2, and part through 4, 4, and 
reuniting at the brush BV whence the current flows round the 
coils of the field-magnets to excite them, and then round 
the external circuit, and back to the brush A. 

Thus the coils in which there is a. maximum electro- 
motive-force are joined in series with coils in which the 
electromotive-force is weaker, though by a method different 
from that employed in a closed winding armature. As the 
armature rotates, coils 4, 4 come to the position of maximum 
electromotive-force, and they are then in series with coils 1, 1 
and 3, 3, so that the electromotive-force of the machine varies 
very little with the change of the position of the coils. In 
some machines it is arranged that the current shall go round 
the field-magnets, after leaving brush A^ and before entering 
brush B. 

The following table summarizes the successive order of 
connections during a half-revolution : — 



First positum, (Coils i, i cut out) 

A -^1 - A' ? RY - \r'>. Ft 

( 



A -3 - A' ; B<f ^ ^B'*; Field magnets - External _circmtr=^A> 



Second f ostium.-: {CoWs 2, 2 cut out) 

J^\ /A';B — 4— B'; Field magnets ^External^ circuit -A, 
iT.ktr^ position. (Coils 3, 3 cut out)) 

<fi^-X=:AXBl<^ yTB'XField^magnct^^E^ 
jFpurth /^J///V«r3<(Coils 4r4'c'urout7 

^ A C ^ A' ; B — 2 - B' ; Field magnets^-^'Extemal circuit — A.> 

By rocking the brushes by means of the appliance pro- 
vided for that purpose (see Fig. 306), a point can be found at 
which the sparking is reduced to a minimum (see p. 450). 

From the foregoing considerations, it will be clear that the 
four pairs of coils in the Brush machine really constitute four 
separate machines^ each delivering alternate cu|T§nts to a 
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commutator, which commutes them to intermittent unidirec- 
tional ciHTents in the brushes ; and that these independent 
machines are ingeniously united in pairs by the device of 
letting one pair of brushes press against the commutators of 
two pairs of coils. Further, that these paired machines are 
then connected in series, by bringing a connection round from 
brush A' to brush B. 

In the 12-coil machine (Fig. 306) there are three pairs of 
commutators, the segments of each pair are joined to four 
coils at right angles to each other, and the pairs are mounted 
on the shaft so that the first pair joined to coils 1, 4, 7 and 10 
haying a lead of 80^ in advance of the second pair jointed to 




Fia. 810.— CONNEcnoNS of a 12-coil Bbush Dynaho. 



coils 2, 5, 8 and 11, and the third pair joined to coils 3, 6, 
9 and 12 have a lag of 30^ behind the second pair. The way 
the brushes are connected up in series is shown in Fig. 310. 
Multipolar Brush machines are now made to be driven 
direct from the engine shaft. At the station of the Mutual 
Electric Light and Power Co., Chicago, there are three 
machines driven direct by Willans engines at 500 revolutions 
per minute. Each machine is capable of lighting 125 arc 
lamps in series. The automatic regulator regulates so closely 
that any number of these lamps may be thrown off and on 
with impunity. The armature of these machines is 39 inches 
in diameter and has 24 coils, that is six sets of four coils each. 
All the coils in any one set are in the same position relatively 
\fi the four poles, and are joined in series just as two coils are 
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joined in series in a 2-pole machine. The connections to 
the commutators are on exactly the same principle as in the 
case of the 12-coil armature considered above, with this modi- 
fication, that a difference of position of 45^ on the armature 
corresponds to a difference of 90° in the 2-pole machine. 
Each of the three portions of the commutator, therefore, 
consists of eight sections, instead of four sections ; the sections 
that are diametrically opposite being interconnected. 

Some elaboTate tests on Brush dynamos, with two different 
patterns of armature, were made^ in 1889 by Mr. Murray of 
Melbourne. These showed commercial efficiencies of about 
69*8 per cent, in machines with core-plates 0-05 inches thick 
and of about 78 per cent, in those with core-plates 0*022 inch 
thick. The value of B attained were about 4800 in field- 
magnet cores and 27,000 in the armature cores. The fluctua- 
tions of the current were about 1*5 per cent. 

For further tests see Thurston in Journal of Franklin Institute^ 
Sept. 1886. Consult also a small volume, ^^ Electrical Engineers^ 
and Students^ Chart and Handbook of the Brush Arc Light 
System," by H. C. Keagan, jun. (New York, 1895). 

Tho7n%(ynrHou9ton Dynamo. — This machine, which is 
equally remarkable, was designed by Professor Elihu 
Thomson of Lynn and Edwin J. Houston of Philadelphia. 
It is unique in haying a spherical armature with a 3-part 
commutator revolving between the cup-shaped poles of an 
introverted field-magnet. As will be seen from Fig. 811, the 
field-magnet core consists of two flanged iron tubes furnished 
at their inner ends with hollow cups cast in one with the 
tubes, and accurately turned to receive the armature. Upon 
the tubes are wound the coils C C, and afterwards the two 
parts are united by means of a number of wrought-iron bars h J, 
which constitute the yoke of the magnet and at the same 
time protect the coils. The magnets are carried on a frame- 
work, which also supports the bearings for the armature shaft 
X. The original form of the armature, shown in Fig. 811, had 
a very remarkable winding. There were but three coils. The 

^Journal Inst EUctrical Engineers^ xvU. 71Q, Nov. 1889. 
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inner ends of tliese wera united together and not connected to 
any other eondtutor. The three wires were then wound over 



FiCt. 811.— THCIIISON-HOTTffrON Aro-light Dtnauo. 

an iron shell in three sets of windings makiog 120° with one 
another, and arranged to be at equal arerage distances from 
the core, while their overlapping made the external fona 



Via. 813.— BiNo Akkatube of THOMSOH-Hocsros Dtxamo, 
nearly spherical. The new ring armature, Fig. 812, has six 
groups of coils arranged in three pairs. The three paiiB are 
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themselves connected star-wise, having a common junction 
for three of their ends, the three other ends of the wires being 
brought down througli the hollow shaft, and joined to the three 
segments of the commutator. The coils are replaceable singly. 
When this armature is rotated within the cavity between 
the cup-shaped poles alternate currents are generated in each 
coil in turn, and it now remains to consider how these alternate 
inductions are rectified and combined by the commutator. 
In the diagmms which follow, the rotation is represented as 
left-handed, as viewed from the commutator-end of the shaft, 
as it is in practice. Fig. 313 represents the arrangement in 
diagram. The three coils ^presented diagrammatically by 




"A"* • /A 



Fig. 313.— Commutatoe and Cracuir op Thomson-Houston Dynamo. 

the three lines ABC, are united at their inner extremities, 
each outer end being led to one segment of a 3-part com- 
mutator. There are two positive brushes P and F, and two 
negative brushes P' and F'. The current delivered to P and 
F first flows round one of the field-magnets, thence goes to 
the outer circuit t)f lamps, returning through the other field- 
magnet to P' and F'. The reader should compare this diagram 
with Fig. 309, and note that in that figure the neutral line 
divides the armature obliquely into two halves, the induced 
currents flowing outwardly from centre to commutator in all 
coils that are rising through the right-hand half of this obliquely 
divided circle ; and inwardly from commutator to centre in all 
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coils descending through the left-hand half of the rotation. 
Accordingly, in Fig. 313, in which the neutral line is at right 
angles to m m\ there will be an outward current in A and 
an inward one in C ; B being for the moment cut out of 
circuit as it passes through the neutral position. Continuity 
is obtained by the device mentioned on p. 448, of having the 
second pair of brushes F F' following the pair P P\ In this 
position of the armature A and C make about equal angles 
with the line of maximum action m m\ hence the two electro- 
motive forces ia these coils are for the moment about equal, 
but that in A is increasing, that in C decreasing. As tiiese 
coils are now in series, their separate electromotive-forces are 
of course added together. A moment later A will be in the 
position of maximum induction ; C will be rapidly approach- 
ing the neutral position and B will again begin to have 
electromotive-force induced in it. B and C will for the 
moment be in parallel with one another and in series with A. 
Then C comes to the neutral position and is cut out of cir- 
cuit, while A and B are in series, and so forth. 

If the width of the gaps between the segments of the 
commutator be equal to the width between the adjacent 
brushes, each coil will be out of circuit whenever it is more 
than 60^ from the position of maximum action, and the time 
during which any two coils are 
in parallel will be practically nil. 
But if the brushes F F follow 
at a considerable angle — about 
60** in practice — behind the 
brushes P P', there will be con- 
siderable duration of the stage 
during which two coils are in 
parallel. 

The regulation of this ma- 
chine to maintain a constant 
currentisaccomplishedbyanau- ^®' 814.-OoiiinjTATiNa 

tomatic shifting of the brushes. 

The actual method now used is termed ^^ backward " regu- 
lation. The pair of "following" brushes FF' is shifted 
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backwards to ff as shown in Fig. 814, whilst at the same 
time the leading brushes P P' are shifted forward through an 
angle one-third as great towards ^^^ If, as stated above, the 
brushes are 60^ apart under normal conditions, there will be 
exactly 120® on either side between the positive brushes P P 
and the negative brushes P' F' ; and as 120® is the exact length 
of each segment of the commutator, no coil will be cut out, 
and parallelism will subsist between two coils through angles 
of 60® : that is to say, there will always be two of the three 
coils in parallel with one another and in series with the third 
coil. The six stages of change will be : — 



From extemal.£ut;uit 
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Now suppose the current to become too strong owing to 
reductioif of number of lamps in circuit, the " following " 
brushes are made to recede. This will shorten the time during 
which any single coil in passing through the maximum position 
is throwing its whole electromotive-force into the circuit, and 
will ^hasten the moment when it is put in parallel with a 
comparatively idle coil. During such movements of regula- 
tion the whole machine is momentarily short-circuited six 
times during each revolution by F receding so far towards 
P^ an(i.F' receding so far towards P, as that both touch the 
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same segment of the commutator at one instant. The action 
is assisted by the slight advance of P and P\ but the main 
object of this advance is to lessen the sparking. If the cur- 
rent is too weak, then the pairs of brushes must be made to 
close up, thereby reducing the time during which the most 
active coils are in parallel with those that are less active. 

RegtUating Gear. — ^This motion of advance and retreat is accomplished 
by the simple link-gear not shown in any of the figures. The automatic 
movement is imparted by the regulating electromagnet R (fig. 815), 
whose pole, of paraboloidal form, attracts its armature according to the 
current flowing round it, and raises the arm A. The circuits which 




Sta. 815.— Craourrs of Thouson-Houston Systek. 



operate this mechanism are also shown. Normally the electromagnet 
R is short-circuited through a bye-pass circuit, and only acts when this 
circuit is opened. At some convenient point of the main circuit two 
solenoids are introduced, their cores being supported by a spring ; and 
the yoke of the cores operates the contact lever S. If the current be- 
comes too strong this contact is opened, and the regulating magnet R 
raises the arm A. Xhiring running the lever S is continually vibrating 
up and down, and so altering the brushes to the requirements of the 
circuit. A carbon shunt of high resistance r is added to minimize the 
destructive spark at S. It might be expected that with only three parts 
to the commutator, the sparks occurring as the segments pass under the 
hmshee would speedily destroy the surface. This difficulty has been met 
Irjr Prof. Thomson in the boldest manner. By means of a small me- 
chanical blower, fixed upon the shaft behind the commutator, intermit- 
tent blasts of air are blown exactly at the right moment so as virtually to 
blow out the spark. The three segments of the commutator are separated 
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by gaps ; and in front of each of the leading brushes there projects a 
nozde which discharges a blast, alternately, three times in each revolution. 

Advantages of Open-coil Dynamos, — The two great typical 
open coil dynamos — those of Brush and of Thomson-Houston 
— appear to have certain qualities which render them specially 
applicable as constant-current dynamos for series arc-lighting. 
A considerable proportion of .all the arc-lights in the world 
are run by one or other of these machines. It would seem 
that the closed-coil dynamos, whether of the ring or of the 
drum type, are not so well adapted for furnishing the very 
high electromotive-forces needed for this work. The commu- 
tator, with its many parallel bare insulated with mica (which 
is the indispensable adjunct of the closed-coil aimatui-e), 
rapidly deteriorates when exposed to the inevitable sparking 
and wide alterations of lead which are inseparable from the 
constant-current method of working. For this method of 
distribution of electric energy, nothing will stand wear and 
tear so well as the simple air-insulated commutators described 
in this chapter. As a partial set-off against these advantages 
may be reckoned the somewhat lower plant efficiency of open^ 
coil machines. The fluctuations in the current in well- 
designed machines are practically negligible. Mr. Mordey 
passed the current from a Brush machine through the secondary 
coil of a transformer, and found that no measurable difference 
of potential was produced at the terminals of the primary. 

Some tests of a closed-coil arc dynamo have been published 
by Owen and Skinner in the ' Proceedings of the American 
Inst. Electrical Engineers * for 1893. 

A special study of the curves of induction in the armature 
of a Thomson-Houston arc-light machine has been made ^ by 
Mr. Milton E. Thompson, who found the total current at full 
load to fluctuate between five and eight amperes, six times in 
each revolution, the mean current being 6'8. The fluctua- 
tions of electromotive-force in each individual coil were very 
remarkable ; the curves being singularly irregular, falling to 
near zero twelve times in each revolution. 

1 Electrical Worlds xvii. 392, 1891, and Electrical Review, xxviii. p. T73, 
1891. 
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Otheb Akc-Light Machines. 

Bradley*% Dynamo. — Mr. C. S. Bradley has constructed a 
dynamo with a closed ring armature, in which the difficulty 
of commuting at high pressure is reduced by haying four 
distinct commutators, the brushes of which are joined in 
series. A machine of somewhat similar type, designed by 
M. Hurmuzescu for testing puiposes, is described in the next 
chapter. 

Sperry*9 Dynamo. — An arc-light dynamo with a Granjme 
armature is that of Speny, the distinguishing feature of 
wliich is the use of internal as well as external pole-pieces. 
It was illustrated in the previous edition of this book. 

Wood's Dynamo. — This is also a modified Gramme 
machine.^ To obviate sparking, there is an auxiliary brush 
placed 5 to 10 sections ahead of the collecting brush ; and the 
voltage is vaiied by a device which shifts the brushes forward. 
The width between the auxiliary brush and that behind it 
is varied, being narrow where commutation has to occur in 
strong fields, and wide for weak fields, thus securing sparkless 
reversal in either case. One of the largest arc-lighting stations 
in the world, that at St. Louis, Missouri, is supplied with 53 
of these dynamos, each capable of feeding 60 arc lamps. 

Phcenix Arc Dynamo. — Mr. W. B. Esson designed arc- 
light dynamos^ for Messrs. Paterson and Cooper, using 
Gramme ring armatures ; and found no difficulty in construct- 
ing them from 800 up to 1500 volts. To promote sparkless 
collection in all positions of the brushes, the field in the gap 
space must be very constant. Hence in such machines the 
magnets are made with a less quantity of iron carried to a 
higher degree of saturation. 

Statter's Dynamo. — Another example of a constant-current 
dynamo, with an automatic regulator to shift the brushes, is 
afforded by Statter's machine, in which, by a careful shaping 

1 See Electrical World, xii. April 28, 1887, and ziv. 64 and 260, 1889; 
also xyU. 4. 1891. 
' Journal Inst. Electrical Engineers, xiz. 161, 1890. 

30 
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of the pole-faces, a disposition of the magnetic field is ob- 
tained which permits the machine to run sparklessly. 

Many other makers, Mr. Crompton, Messi's. Mather and 

' Platt^ Messrs. Siemens Bros., Messrs. J. H. Holmes & Co., 

make good arc-light machines, with the general features of 

closed-coil armatures, commutatoi*s having many parts, and 

magnet-cores well saturated. 

F. B. Crocker ^ has pointed out that it is desirable to use 
carbon brushes with high-voltage closed-coil dynamos, as 
copper weal's off on the mica insulation, causing a thin film 
of copper which promotes sparking. 

He has constructed a 5 horse-power continuous-current 
dynamo having 108 parts in the commutator, capable of 
yielding 11,000 volts. 

Drooping Characteristics. — A method which, though not 
in itself securing constancy of current, is much followed in the 
construction of ai'C-lighting dynamos, should here be ex- 
plained. Attention was drawn on p. 205 to the drooping 
form of the characteristics of certain series-wound machines. 
It is obvious that if this effect is sufficiently exaggerated, the 
drooping portion of the characteristic will correspond to the 
case of an approximately constant current. The drooping 
characteristic is important (see p. 223) in * promoting the 
steady working of arc lamps in the circuit. 

The causes that tend to cause the characteristic of the 
series dynamo to turn down after reaching a maximum 
height are : (1) the demagnetizing effect of the armature 
current when there is a positive lead at the brushes ; (2) the 
saturating of the iron of the armature core and that of the 
field-magnets; (8) the leakage of magnetic lines from the 
field-magnet ; (4) the peculiar commuting arrangements in 
certain machines — for example, the open-coil dynamos men- 
tioned previously — which make their effective electromotive- 
force vary greatly with the position given to the binishes ; 
(5) high internal resistance, and self-induction. As the 
demagnetizing effect of the armature cun-ent is nearly pro- 
portional to the current and to the angle of lead, and as the 
^ Address before Electrical Congress, Chicago, Aug. 24, 1803. 
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angle of lead is itself nearly proportional to the armature 
current, it follows that the whole demagnetizing effect is 
nearly proportional to the square of the armature current. In 
Fig. 316, let the curve E^ represent the electromotive-force (at 
a given speed) when the field-magnets are separately excited, 
the armature circuit being left open ; this includes the effect 
of (2) and partially (3) above. 
On the same diagram a curve 
having ordinates proportional to 
C|, and of such a magnitude as 
to represent tiie demagnetizing 
action of the armature current, 
may be plotted. Deducting the 
ordinates of this curve from 
those of curve E^ we get curve 
Eg, the drooping characteristic. 
The trouble with all machines of 
this class is the sparking at the 
brushes consequent on the varia- 
bility of the angle of lead. 

The effect of a drooping characteristic can to some extent 
be obtained by inserting in the external circuit a resistance 
of from 1 to 2 ohms. And this is preferable to having an 
internal resistance that would add to the heating of the 
armature. But such auxiliary resistance should be coiled on 
an iron core, since self-induction here is of value in steadying 
the current. 

CiyMtanirCuTTent Regulator %. — A number of devices 
applicable to arc-light dynamos are described in Chapter 
XXIX. 




Fig. 816. 
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CHAPTER XIX. 

MISCELLANEOUS DYKAMOS. 

In this chapter are included Dynamos for Electrometal« 
lurgy, Homopolar Dynamos, Di8k-D3mamos, and other mis- 
cellaneous forms. 

Dynamos fob Electroplating and Elbctbo- 

metallubgy. 

Special forms of continuous-current dynamos are needed 
for the work of electroplating, electrotyping,and the electro- 
lytic treatment of ores and purification of metals. In general, 
low electromotive-forces and very large currents are requisite, 
for the quantity of metal deposited in the bath depends upon 
the quantity of amperes of current only, and not on the 
number of volts of electromotive force. And though a few 
volts are necessary to drive the requisite current through the 
resistance of the circuit, the number is in every case small. 
To decompose water electrolytically requires less than two 
volts. To deposit metal in a bath in which the anode is of 
the same metal as the deposit requires usually a very small 
electromotive-force. In general, if too great an electro- 
motive-force is employed, or if the density of current (i. e.the 
number of amperes per unit of area of kathode surface) is 
permitted, the metallic (deposits will be uneven or pulverulent. 
All these circumstances point to the construction of dynamos 
having at most but four or five volts of electromotive-force, 
but so designed as to have an exceedingly low internal 
resistance. If, however, as in some processes where equal 
currents are wanted in a number of tanks, the tanks are 
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placed in series, the voltage needed will be greater in pro- 
portion to the number of cells. For example in Castner's 
process for making caustic soda by electrolyzing common salt 
solution, each tank needs 2*8 volts, so twenty tanks in series 
will need 46 volts. 

The first application of a dynamo to the purpose of electro- 
plating is due to Mr. J. S. Woolrich, who in 1842 patented 
this use of a magneto-electric machine. Wilde, however, was 
the first to construct machines really fitted for the purpose, 
when he invented the principle of using a large dynamo, the 
field-magnets of which were separately excited by the currents 
of a smaller magneto machine. His first machines, which 
were used for many years by Messrs. Elkington, had small 
exciters of the old Siemens type (Fig. 23), mounted upon 
electromagnets of the form shown in Fig. 100, No. 1. Both 
armatures were of the old shuttle-form, introduced by Siemens, 
and the larger one required to be kept cool by streams of 
water. About the year 1867 Wilde introduced a multipolar 
machine with a redressing commutator. Weston introduced 
a small machine for nickel-plating which had steel cores to 
the magnets but with main-circuit coils upon them, and an 
automatic cutoflf to break the current, to prevent the mag- 
netism from reversing by a back-current from the bath. 
The commutator merely rectified the currents (p. 38) without 
rendering them continuous. This is a bad feature ; the fluc- 
tuations of the current ought to be reduced to a minimum 
by employing a many-part armature with a proper collector. 
Elmore built large dynamos, for copper refining, with eighteen 
electromagnets' in each crown, yielding a current of 3000 
amperes at a potentialof seven to eight volts.* Such a machine 
would deposit over 26 lbs. of copper per hour. The field- 
magnet coils were unfortunately in series with the main circuit. 
All electroplating dynamos should be shunt-wound or they 
are liable to reverse their polarity. Gramme in 1873 built 
special forms of very low resistance with strip-wound arma- 
tures having a commutator at each end, and giving 1500 am- 
peres at 8 volts. Siemens and Halske also were early in the 
field with machines having bar armatures, which thev em- 
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ployed at their electrolytic works at Oker.^ Brush also con- 
structed large machines of low resistance for electroplating 
pui*poses. These machines had coarse wire coils connected 
in series, and a shunt, or so^alled ^^ teazer " coil, of finer wire 
to maintain the magnetism when the main circuit was opened ; 
thus enabling the machine to do either a large or a small 
amount of work without fear of reversing the cuiTcnt. The 
voltage of this machine varied only from 8*3 to 4*1 volts, 
whilst the current varied from 300 amperes to zero. 

Other dynamos have been designed for electroplating 
and electro-metallurgical work by nearly all the important 
manufacturers. 

An Elwell-Parker depositing dynamo' gave 1500 amperes at 50 
volts at 450 revolutions per minute; a 4-pol6 shunt- wound drum 
machine, with 80 stranded conductors, each of 0*2 square inch sec- 
tion, on the drum, and a 40-part commutator. Armature is 20 
inches long and 22 inches diameter, with an unusually long com- 
mutator. Four sets of brushes, five in each set. Length of active 
conductor 1600 inches. At peripheral speed of 2500 feet per minute 
generates 1 volt for ec^h 8 inches of conductor. 

A 50 kilowatt dynamo, by Paterson and Cooper,* for producing 
bleaching liquor electrolytically, gives 1200 amperes at 42 volts. 

Another 50 kilowatt dynamo, designed by Hopkinson * for copper 
refining, gives 1000 amperes at 50 volts, at 400 revolutions per 
minute; resistance of armature 0*0016 ohm; commercial efficiency 
93 per cent. ; total weight 5i tons. 

A plating dynamo by Stafford and Eaves > has solid and simple 
magnetic circuit with one exciting coil and a ring armature with 
only eighteen sections, giving 150 amperes at 6 volts at 640 revolu- 
tions per minute. 

• 
In dynamos for such purposes the requirement of large 
current and very low voltage introduces difficulties into the 
design, for the voltage cannot be obtained low enough without 
having either very few convolutions on the armature, or else 
a weak field-magnet, or else a very slow-speed machine. 

1 See MtkiroUchniAche Zeitschtift, ii. 54. 

• Electrician^ xxi. 183, 1888. » iWd., p. 181. 

* iWd., xvU. 62, 1886. » Bid., xviil. 606, 1887. 
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Slow-speed machines are always costly in proportion to 
their output. Machines with weak magnets give trouhle 
with sparking. Machines with few massive conductors and 
few parts In commutator give trouble in spaiking, and are 
liable to heat from local eddy-currents. A stranded con- 
ductor should be used, or several independent windings (see 
pp. 272 and 406), all put in parallel by brushes of special 
thickness. 

Sayers has proposed an ingenious device to enable cuiTents 
to he taken from a machine at various voltages. The pole 
surfaces are subdivided by deep nicks aa in Fig. 817, thus 
providing several neutral points on the commutator at 
which hmshes may be placed 
without sparking. Thus, 
for example) whilst the 
potential between the two 
main brushes may be 10 
Tolts, an intermediate brush 
may be employed to divide 
this into 7j volts for nickeling 
and 24 volts forsilver-plating. 

Messrs. Crompton & Co. 
have devised a method of 
dividing the main leads be- 
tween two pairs of brushes 

touching adjacent bars of the commutator, and are thereby 
enabled to construct their plating machines with fewer parts 
in the armature. The divided leads from the dynamo to the 
plating tanks cost no more than a single undivided lead 
would do, but they interpose a comparatively large resistance 
in the path of the local current from the shortrcircuited 
section. 

For the special purpose of the aluminium industry several 
types of machines have been developed. Messrs. Crompton 
& Co. built a very large 2-poIe drum machine,^ capable of 
affording 5000 amperes at 60 volta. Mr. C. E. L. Brown* 

> Ktctrieian, zzl. MO, 1888 ; •lao La Lumiire KeetHgut, xzx. SOT, 
188S. 

■ Xa LvmOre Mectrique, xzx. 306, 1888; Bleetrieian, zxl. 721, 1688. 
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designed for the Oerlikon Works some 6-pole machines for 
6000 amperes at 20 volts at 180 revolutions per minute. The 
armatures have each two separate windings with a commu- 
tator at each end, and at each commutator 86 brushes, 
arranged in six sets of six each. The field-magnet is like 
Fig. 108, but with six poles, and cast' in one piece. The 
armature is 88 inches in diameter and 24 inches long. The 
windings were at first embedded in holes in the core-disks ; 
but as troubles arose about insulation, the core-disks were 
turned down and the armature re-wound with external con- 
ductors. Although there are as many brush-sets as poles, 
rendering cross-connection of the windings not absolutely 
necessary, yet such cross-connections are added to ensure 
equalization of the currents, equipotential segments of the 
commutator being internally cross-connected by rings with 
three projecting lugs. Mr. Brown has also made some 8-pole 
machines for an output of 14,000 amperes at 30 volts. The 
8-pole and 24-pole generators of the Oerliken Company are 
described on p. 412 above. 

Some statistics relating to electro-metallurgy will be found 
in Appendix B. 



Dynamos fob Accumulator-chargikg. 

In central-station work where batteries of accumulators 
are used, the usual practice is to employ shunt dynamos 
capable of giving 26 or 80 per cent, higher electromotive- 
force than that at which the battery is to discharge ; and 
their circuits are usually anunged so that the mains can be 
supplied, according to demand, either from the dynamos and 
accumulators together in parallel at the time of maximum 
load or from either separately. 

Whenever dynamos are wanted for the sole purpose of 
charging accumulators, it is better to design them specially 
so that their magnets are not too highly saturated under 
working conditions. For then, during charging, when the 
counter electromotive-force of the cells gradually rises, the 
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voltage of the dynamo also rises automatically, instead of 
remaining nearly constant as it would do if the magnetism 
were incapable of further rise. The result is that the charg- 
ing current remains more nearly constant without interven- 
tion of an attendant. 



Extra-High Pressure Dynamos. 

For transmission of power to long distances by continuous 
currents, and for laboratory purposes, dynamos are occasionally 
required giving extra-high pressure. Croker ^ has constructed 
a machine yielding 0*3 of an ampere at 11,000 volts, the com- 
mutator consisting of 108 parts. He recommends carbon 
brushes for such machines, in order to minimize the sparking. 
Under the direction of M. Hurmuzescu, a continuous current 
dynamo* of exceptionally high voltage has been built for the 
physical laboratory of La Sorbonne, by La Soci^t^ Cail, to 
whose chief, M. Helmer, the details of the design are due. 
The normal output of the machine is 2 amperes at a pressure 
of 8000 volts, but it has yielded a pressure of 4000 volts with 
ease. A longitudinal section of half of the machine is shown 
in Fig. 818, there being altogether four armatures *on the 
same shaft. Fig. 819 gives two different cross sections. The 
shape of the field-magnets being sufficiently indicated in the 
drawings, needs no description. The special advantage of 
this type of field-magnet is, that a perfectly symmetrical field 
7s obtained without the additional cost of copper that i^ 
incident to a double magnetic circuit. There are foui 
armatures of the ring type mounted on the same shaft, each 
giving a pressure of 750 volts at a speed of 1500 revolutions 
per minute. The winding consists of 160 sections of 66 turns 
per section, so there are 10,560 wires on the periphery. Each 
commutator is 20 cms. in diameter, and consists of 160 seg- 
ments, there being a maximum of 10 volts between any two 
segments. The resistance of armature is 128 ohms. 

^ Address before the Electrical Congress, Chicago, August 24, 1803, 
WUciricaX Worlds zxii. 201. 

* X'Jndustrie MecMquty July 10, 1805, p. 200. 
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HoMOPOLAB (" Unipolar ") Dynamos. 

In those cases where the motion is such that the conductor 
moves continuously past poles of one kind only, the inductive 
opemtion is said to be homopolar ; in cases where it passes 
from being opposite a N-pole to being opposite a S-pole, the 
operation is said to be heteropolar, Heteropolar operations 
obviously generate alternate currents, unless a commutator 
is added. Homopolar operations give rise to a continuous 
induction of electromotive-force if the field is also continuous, 
the rotation of the conductor effecting a continuous cutting 
of the magnetic lines without any reversal in direction ; but 
in such cases, sliding connections are necessary to collect the 
current. Machines giving currents by continuous homopolar 
induction were formerly known ^ as " unipolar " machines. 
If the homopolar operation is arbitrarily rendered discon-> 
tinuous, as in Mordey's alternator and in some of the 
"inductor" alternators, by dividing up the pole-face into 
separate projections, and the conductor is wound alternately 
backwards and forwards across the field, the result will be 
an alternating induction. 

The earliest machine which has any right to be called a 
dynamo (Fig. 1, p. 5), namely, the rotating copper disk of 
Faraday, was, in fact, of the homopolar class. So were his 
other machines with sliding connections ; for example, the 
copper cylinder rotating over the pole of a magnet (Fig. 3, 
p. 6). Plucker' devised another form, with a horizontally rotat- 
ing magnet, having sliding contacts at the middle and at either 
end. In 1862 Mr. S. A. Yarley had a homopolar apparatus with 
an iron magnet rotating in a vertical frame having a mercurial 
connection at the middle-point About 1878 Dr. Werner 
Siemens ^ designed a homopolar machine in which there were 
two cylinders of copper, both slit longitudinally to obviate 

1 This sounds like a lucus a non lucendo, for the magnet has two poles. But 
the name is derived from the term ** unipolar induction,*' which continental 
electricians, following Prof. Wilh. Weher, give to the induction of currents 
by the process of '* continuous cutting," which we are now dealing with. 

* Pogg. Ann. Ixxxvii. 352, 1852. 

> Elektrotechnische ZelUchrifi, ii. H 1881. 
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eddy-currents, each of which rotated around one i>ole of A 
(J-shaped electromagnet. A second electromagnet was placed 
between the rotating cylinders, with protruding pole-pieces of 
arching form which embraced the cylinders above and below. 
Each cylinder, therefore, rotated between an internal and an 
external pole of opposite polarity, and consequently cut the 
lines of force continuously by sliding upon the internal pole. 
The currents from this machine are very great, but of only a 
few volts of electromotive-force. To keep down the resistance, 
many collecting brushes press on the cylinders at each end. 
This dynamo was used at Oker for depositing copper. Much 
attention has been paid in recent yeara to machines of this 
type, and the author himself designed one in which two 
Faraday disks, coupled at their peripheries outside an internal 
stationary pole-piece, rotate in a symmetrically uniform field. 
Mr. Willoughby Smith showed that if an iron disk be used 
instead of a copper disk a much more powerful effect is 
obtained. Prof. George Forbes has constructed several 
machines of this class. Originally he began by employing an 
iron disk which rotated between two checks of opposite 
polarity, the current being drawn from its periphery. He 
then doubled the parts. The next stage was to unite the two 
disks into one common cylinder, rotating within an entirely 
self-contained iron-clad field-magnet. For this reason the 
inventor prefers to call this type of dynamo " non-polar." A 
rubbing contact — for which purpose Prof. Forbes at one time 
used carbon brushes, and at another a number of springy 
strips of metal foil — is maintained at the two extremities of 
the periphery. One of the earlier forms of machine, with a 
single disk 18 inches in diameter, was stated to give 8117 
amperes at a potential of 5*8 volts when running at 1500 re- 
volutions per minute. One of the later machines, in which 
the armature is a cylinder of iron 9 inches in diameter, 8 
inches long, is designed to give a current of 10,000 amperes 
at 1 volt, at 1000 revolutions per minute. In designing such 
machines it is convenient to remember that the voltage may 
be expressed in the formula 
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where v is the linear velocity of the moving conductor (cms. 
per sec), I its length (cms.) at right angles to the direction of 
motion, and B the flux-density of the fleld. For example, 
a cylinder of copper, 20 cms. broad, revolving in a field of 
10,000 lines per cm., at a linear speed of 4000 cms. per second 
will induce 8 volts. The electromotive-force of such machines 
increases as the square of ttie linear dimensions. Other t^rpes 



Fio. 830.— Bbowh's Hoxopolab Dynaho. 

have been designed by E. Ferraris, E. L. Voice, Delafield, 
Hummel and othera, including Atkinson,^ whose machine is 
self-exciting. All the important forms prior to 1885 are 
described and discussed by Uppenborn in the OentralhlaUfiiT 
Mektroteehnik of that year, p. 824. 
The theory of the homopolar disk-dynamo has been given 

> Xa tumftre Electiique, xdt. 651, 1880. 
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by Lord Kelvin,^ who has shown that such a machine is not 
self'^xciting except above a certain critical speed, dependent 
on the resistance of the circuit. 

Two difficulties seem to beset this type of machine, namely, 
the inherent trouble of peripheral collection of large currents, 
and the very considerable armature reactions which accom- 
pany these large currents, causing great fall in the voltage ^ as 
the current increases. The latter can only be obviated by the 
same expedients as hold good in all other types of dynamo, 
namely, to make the field-magnets relatively powerful and to 
counterbalance the reactions by compounding or overcom- 
pounding the machine by the use of series windings. 

Mr. C. E. L. Brown has communicated to the author some 
results and drawings of a unipolar machine, Fig. 320, built 
at the Oerlikon Works, with a cylinder of copper rotating 
between the lips of an iron-clad electromagnet of cast iron. 
This machine at 1200 revolutions per minute worked at 10 
volts and showed hardly any perceptible drop in voltage 
when 3000 amperes were taken from it^ This is the first 
really practical homopolar machine. Since this was built a 
closely kindred form has been designed by M. Thury. 

Much interest has been shown in recent years in the homo- 
polar type of machine, the theory of which is still to some 
extent obscure. It will be sufficient to refer to the writings 
of Tolver Preston,* Hering,* Arnold,* Hoppe,^ Weber,^ and 
Lecher.® 

Disk-Dynamos. 

In the dynamos of this class the coils are carried round 
to different parts of a magnetic field, such that either the 
intensity differs in different regions, or more generally the 

^ On a nniform electric current accumulator (PAH. Jfogr., January 1868 ; 
and 'Reprint qf Papers, p. 325). 

< See some figures given by Hummel in vol. ii. p. 19 of Eittler's Handhuch 
der Elektrotechnik, 

> Phil, Mag,, February 1885, March 1885, and February 1801. 

« Elec. World, zxiU. 53, 1804. « Elektrotechnische Zeitachrift, March 7, 
1805. 

• Wied, Ann. xzix, 544, 1886 ; and xxzii. 288, 1887. 
^ Elektrotechnische Zeitschrift, Aug. 15, 1805. 

• Wied Ann. liv. pp. 276-304, 1805. 
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lines of force run in opposite directions in different parts of 
the field. Fig. 17 (p. 29) illustrates this principle ; and we 
shall now consider how it is canied out in practice. In the 
early machines of Saxton, Clarke and Stohrer, single pairs 
of coils were mounted so as to pass in this fashion through 
parts of the field where the magnetic induction was oppositely 
directed. Such a machine will, therefore, give alteniate 
cuiTents, unless the commutator be affixed to the rotating axis. 
In 1878 von Hefner Alteneck designed a disk-dynamo in 
which the number of coils differed by two, or some other 
number, from those of the field, and with the employment of 
a multiple-bar commutator with com- 
plicated cross-connections. In 1881 
Hopkinson and Muirhead showed 
a disk-dynamo with a wave-winding. 
In 1875 Professor Pacinotti devised ^ 
a form of disk-armature, which he 
described as a ^^ transversal electro- 
magnet fly-wheel." The machine, 
which was exhibited at Paris in 1881, 
had for field-magnet two electro- 
magnets placed with their contrary 
poles juxtaposed, forming, as shown 
in Fig. 321, a single magnetic circuit 
with two gaps. Though these two 

gaps passed a disk-armature, constructed of radical con- 
ductors arranged to cut the immense magnetic fields. The 
electromotive-forces induced in these conductors would on 
the one side be directed radially inwards, on the othci 
radially outwards. The method devised by Pacinotti for 
connecting the radial conductors into a single closed coil is 
shown in fig. 200, p. 279. Another type of disk-armature 
was invented by Lord Kelvin, consisting of a wheel with 
spokes like a bicycle wheel, with collecting brushes pressing 
against opposite ends of a diameter. BoUman^ devised a 

^ 'Nuwo Cimento [3] X., September 1881. 

* For detailed drawings and description, see Centralblattfiir Mektrotech- 
nUc ix. 7, 1887. 



ir 



Fia. 821.— Field. 

Magnets of Pacinotti's 

Disk-Dynamo. 



480 DynamO'^Uctric Machinery. 

multipolar macbine, haviog a complex armature built up of 
i-adial strips of copper counected in zigzag and joiued to a 
cross-conaected commutator. More recently macliines of this 
class have been devised ly Desroziera,' Robin,' Jehl and 
Rupp,' and Sayers.* The machines of Desroziers have been 
described on p. 442, and his method of winding on p. 281. 

Fritich^t Di»k-Dynamo». — These dynamos^ have a disk 
with multipolar wave-winding with series grouping fot 
onuatoie. The interesting constractional feature of these 



FiCt. S33.— POLECHKO'S DIHE-DTIIjUIO. 

machines is the use of wrought-iron bars, instead of copper, 
as the active conductors in the disk. The commutator is 
fixed to the outside of the disk, with the brushes trailing 
against the periphery at two points. 

' See La iumftre ^ectrique, xxlv. 293, SM and 517, 18S7 ; ixix. 401, 
1888 ; and U. S. Patent No. 4'i9,Q10. " Ibid., xilv. BM, 1887. 

* ibid., xzIt. 343, 1887. See also detaUed iUmtnUons and deacrlption in 
xzr. 368, ISST ; and In Electrician, ilx. U, 1887. 

' Specification of PMent, TIT of 1887. 

*Se« FrltMhe'a book, Die GleichttTom-DynamomiueMne, Berlin, 1889; 
also SpeciScation of British Patent, No, 13,080 of 1887. See also The Meo- 
Mctaar xxli. 006, 1888 ; also JEUetrieal Bedeu, xslx. 472, 1891 ; and 
XleetHeal World, xiL 206, 1889. 
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Poleehko*9 Dynamo. — This form^ realizes Lord Kelvin's 
suggestion for a wheel-dynamo. The wheel is 1 metre in 
diameter, .with narrow copper spokes to rotate in a narrow gap 
between the pole-pieces of a pair of electromagnets, arranged 
to produce a very intense' narrow magnetic field along two 
opposite radii. Fig. 822 shows its form, and the arrangement 
for collecting the current from the periphery, which is made 
up of 820 insulated pieces of copper strongly held together 
by an insulated steel ring at the middle of the rim. It gave, 
at 1500 revolutions per minute, a current of 2000 amperes at 
25 volts ; the entire machine weighing 1*1 tons. 

^ Jovmal de la 8oci4t4 PhyHciHihimique russe, zzii. 135, 1800. 
31 
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CHAPTER XX. 

CONTINUOUS-CURRENT MOTORS. 

In the first chapter, the definition was laid down that 
dynamo-electric machinery meant machinery for converting 
mechanical energy into the energy of electric currents, or 
vice versd. Having dealt with the dynamo in its functions 
as a generator of electric currents, we now come to its con- 
verae function, namely, that of converting the energy of 
electric currents into the energy of mechanical motion. 

An electric motor^ or, as it was formerly called, an electro- 
magnetic engine^ is one which does mechanical work at the 
expense of electric energy. Any kind of dynamo, whether 
for continuous currents or alternating currents, can be used 
conversely as a motor, though, as we shall see, some more 
appropriately than others. Since alternate-current motors 
differ in their design from those intended to work with con- 
tinuous currents, they will be considered later on in connec- 
tion with alternate-current apparatus. 

Every one knows that a magnet will attract the opposite 
pole of another magnet, and will pull it around. We know 
also that every magnet placed in a magnetic field tends to 
turn round and set itself along the line of force. It is not, 
therefore, difficult to understand that very soon after the 
invention of the electromagnet, which gave us for the first 
time a magnet whose power was under control, a number of 
ingenious persons perceived that it would be possible to 
construct an engine in which an electromagnet, placed in a 
magnetic field, should be pulled round ; and further, that the 
rotation should be kept up continuously, by cutting off or 
reversing the current at an appropriate moment. On this 
very principle was constructed the earliest electric motor of 
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Ritchie, so well known in many forms as a stock piece of 
electric apparatus, but little better in reality than a toy. 
Joule ^ also devised several forms of electric motor. 

A still earlier rotating apparatus was Sturgeon's wheel- 
disk, described in 1823. This instrument, interesting, though 
a mere toy, as being a forerunner of Faraday's disk dynamo, 
is a representative of a distinctive class of machines, namely, 
homopolar machines (p. 475), which have a sliding contact 
merely, and need no commutator. 

A great step in advance was made by Jacobi,^ who, in 
1838, constracted a multipolar motor. 

Another class of motors may be named, wherein the mov^ 
ing part oscillates backwards and forwards. Professor 
Henry constructed, in 1831, a motor with a beam oscillating 
by the intermittent action of an electromagnet. In Dal 
Negro's motor of 1833 a steel rod geared to a ci-ank was 
caused to oscillate between the poles of an electromagnet* 
A distinct improvement in this type of machine was intro- 
duced by Page, who employed hollow coils or bobbins as 
electromagnets, which by their alternate action, sucked down 
iron cores into the coils, and caused them to oscillate to 
and fro. 

Page's suggestion was further developed by Bourbouze, 
who constructed the curious motor depicted in Fig. 323, 
which looks uncommonly like an old type of steam engine. 
We have hei'e a beam, crank, fly-wheel, connecting-rod, and 
even an eccentric valve-gear and a slide-valve. But for 
cylinders we have four hollow electromagnets ; for pistons, 
we have iron cores that are alternately sucked in and drawn 
out ; and for slide-valve we have a commutator, which, by 
dragging a pair of platinum-tipped springs over a flat surface 
made of thi*ee pieces of brass separated by two insulating 
strips of ivory, reverses at every stroke the direction of the 
currents in the coils of the electromagnets. It is really a 
very ingenious machine, but, in point of efficiencj', far behind 

1 AnnaU of ElectHcity, ii. 222, 1838 ; and iv. 208, 1839. 
* A cut and description of this motor will be found in the former editions 
of this book. 
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all modem electric motors. It does not do to design dynanuv 
electric machinery on the same lines as steam engines. 

Yet another now obsolete class of electric motors owed its 
existence to Froment, who, fixing a series of parallel iron bars 
upon the periphery of a drum, caused them to he attracted, 
one after the other, by an electromi^et or electromagnets. 

Lastly, of the various historical types of motor ve may 
enumerate a class in which the rotating portion is enclosed in 
an eccentric frame of iron, so that as it rotates it gradually 
approaches nearer. Little motois working on this principle 



Fio. 838.— Bocsbouze's Electkio Hotob. 
of "oblique approach," have long been used for light experi- 
mental work. 

It is impossible within the limits of this work to deal with 
a tithe of all the various st^es * of discovery and invention. 

' An excellent account of the etrly forma of electric motor, both European 
and American, ta Lo be found In Martin and Wetzler's Tha Eleetrie Motor 
and iU Applications, third edition, 1891. All readers Interested In theanb- 
Ject should also consult the paper on Jrieetro-mapnetiain a»a Motive Poaer, 
by the lata R. Hunt, in Proe. last. Civil Engineera, xvl., April, 1867, 
together with the discussion that followed It, In which part was token b7 
Profeaaor Thomson (now ImtA Eelvln), Mr. (now Sir William) Grove, Pn>- 
tessor Tyndall, Mr. Cowper, Ur. Smee and Hr. Robert Stephenson. Tot 
modem motors they should consult Kapp's The ftecMc 7Van»n{M(«n q^ 
PoHer, or Baell's Mectrie Itotiw Power. 
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The work of Page, Davidson, Hjorth and others is alluded 
to in the Historical Notes at the beginning of this book. But 
the real development came after the commercial introduction 
of Gramme's dynamos in 1871, as engineers began to under* 
stand how two machines could be used— one as generator, the 
other as motor — to transmit power through a line. 

All the earlier attempts to introduce electric motors came 
to nothing, for two reasons. Firstly, at that time there was 
no economical method of generating electric currents known ; 
secondly, the great physical law of the conservation of energy 
was not fully recognized, and its all-important bearings upon 
the theory of electric machineiy could not be foreseen. 

While voltaic batteries were the only available sources of 
electric currents, economical working of electric motors was 
hopeless ; for a voltaic battery wherein electric currents are 
generated by dissolving zinc in sulphuric acid is a very ex- 
pensive source of power. To say nothing of the cost of the 
acid, the zinc — the very fuel of the battery — costs more than 
twenty times as much as coal, and is a far worse fuel ; for 
whilst an ounce of zinc will evolve heat to an amount 
equivalent to 113,000 foot-pounds of work,^ an ounce of coal 
will furnish the equivalent of 695,000 foot-pounds. 

The fact, however, which seemed most discouraging, but 
which, if it had been rightly interpreted in accordance with 
the law of conservation of energy, would have been found 
most encouraging, was the following : — If a galvanometer was 
placed in the circuit with the electric motor and the battery it 
was found that when the motor was running the battery was 
unable to force through the wires so strong a current as that 
which flowed when the motor was standing still. The faster 
the motor ran, the weaker did the current become. Now 
there are only two causes that can stop such a current flowing 
in a circuit ; there must be either an obstructive resistance or 

1 A convenient way of regarding the economic question from the point 
of view of the cost of the voltaic battery is aiforded by the following calcula- 
tion. Supposing the electric motor to convert all the electric energy of the 
battery without loss into mechanical energy, the amount of zinc used per 
horse-power in one hour will be almost exactly two pounds divided by thi^ 
volts of thQ electromotivQ-force of the cell employed in the battery* 
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else a counter electromotive-force. At first, the coniTnon idea 
was, that when the motor was spinning round, it offered a 
greater resistance to the passage of the electric current than 
when it stood still. The genius of Jacobi ^ enabled him, how- 
ever, to discern that the observed diminution of current was 
really due to the fact that the motor, by the act of spinning 
round, began to work as a dynamo on its own account, 
and tended to set up a current in the circuit in the opposite 
direction to that which was driving it. The faster it rotated 
the greater was the counter electromotive-force (or " electi o- 
motive-force of reaction ") which was developed. In fact 
the theory of the conservation of energy requires ^ that such 
a reaction should exist. Joule,^ by further experiment, found 
that the counter electric action is proportional to the velocity 
of rotation and to the magnetism of the magnets. 

Two points are vital to the right understanding of the 
action of electric motors : (1) The propelling drag ; (2) the 
counter electromotive-force. The first is that the real driving- 
force which propels the revolving armature is the drag which 
the magnetic field exerts upon the armature wires through 
which the current is flowing, or, in the case of deeply-toothed 
armatures, on the protruding teeth : the second is that the 
revolving armature generates a counter electromotive-force as 
its moving wires cut the magnetic lines. 

The Propelling Drag. — ^In Chapter V., on the mechanical 
actions in armatures, the drag, which a magnetic field exerts 
on a conductor carrying a current, has been explained, and 
calculations about its magnitude given. In a generator the 
drag acts in a direction which opposes the rotation, and is, in 
fact, a counter-force or reaction against the driving force. 
In a motor the drag is the driving force, and produces the 
rotation. 

The Counter Mectromotive-force, — Let it be remembered 

1 Mimoire mr V application de V ilictromagnitisme au mouvement de» 
nachinea par M. H. Jacobi (Potsdam, 1835). 

* For a simple explanation of the necessity of a coimter electromotiye- 
force, see the author* s Elementary Leseons in Electricity and M<igneii9m 
{edition of 1806, p. 443). 

> AnncUs qf Electricity , viii. 219, 1842, and Scientific Papere, p. 47. 
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tiiftt wherever in an electric circuit, current flows tlirough 
some portion of the circuit in wliicb there ia an electromotive- 
force, the current will there either receive or give up energy 
according to whether the electromotiTe>force acts mth the 
current or against it. This will be made clearer by Fig. 324 
representing a circuit in which there are a dynamo and s 
motor. Each is rotating right-handedly, and therefore 
generates an electromotive-force tending upwards from the 
lower brash to the higher. In each case the upper brush is 
the positive one. But in the dynamo, where energy is being 
supplied to the circuit, the electromotive-foice is in the same 



direction as the current ; whilst in the motor where work is 
being done, and energy is leaving the circuit, the electro- 
motive-force is in a direction which opposes tiie cun-ent. 
There ought to be no difficulty in understanding that this 
electric reaction is an essential of motor working. 

Consider the converse case, when we are employing me- 
chanical power to generate currents by rotating a dynamo. 
Directly we begin to generate currents, that is to say, directly 
we begin to do electric viork, it immediately requires much 
more power to turn the dynamo than is the case when no 
Qlectrici work is being done. In other words, there is aa 
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opposing reaction to the mechanical force which we apply 
in order to do electric work. An opposing reaction to a 
mechanical force may be termed a ^^ counter-force." When, 
on the other hand, we apply (by means of a voltaic battery, 
for example) an electromotive-force to do mechanical work, 
we find that here again there is an opposing reaction ; and 
an opposing reaction to an electromotive-force is a ^^ counter 
electromotive-force." 

The experiment of showing the existence of this counter 
electromotive force is a very easy one. All one requires is a 
little motor with a powerful field-magnet,^ a few cells of 
battery of small internal resistance, and an amperemeter. 
They should be connected up in one circuit, and the deflexion 
of the amperemeter should be observed when the motor is 
held fast, and when it rotates with small and large loads. In 
an experiment, made on a motor with separately-excited 
magnets, the following figures were obtained : — 



Revs, per min. 
Amperes . . . . 



20 


50 
16-3 


100 
13-3 


100 

7-8 


180 
6-1 


105 
51 



Apparently, if the motor had been helped on to run at 261} 
revolutions per minute, the current would have been reduced 
to zero. The current of 5*1 amperes was needed to drive the 
armature against its own friction at the speed of 195. 

Upon the existence and magnitude of this counter electro- 
motive-force depends, in fact, the degree to which any given 
motor enables us to utilize electric energy that is supplied to 
it in the form of an electric current. In discussing dynamos 
as generators, many considerations were pointed out, 'the 
observance of which would tend to improve their efficiency. 
It is needless to say that such considerations as the avoidance 
of useless resistances, unnecessary iron masses in cores, and 
the like, apply equally to motors. The freer a motor is from 
such defects, the more efficient will it be. But the efficiency 

^ One of any ordinary type— a magneto-machine or a series- wonnd motor 
will aiifwer. 
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of a motor in utilizing the energy of a current depends not 
only on its efficiency in itself, but on another consideration, 
namely the relation between the electromotiye-force which it 
itself generates when rotating, and the electromotive-force or 
electric pressure at which the current is supplied to it. A 
motor which itself in running generates only a low electro- 
motive-force cannot, however well designed, be an efficient or 
economical motor when supplied with currents at a high 
electromotive force. 

Elbmbntaby Thboey of Electric Motivb Powbb. 

It will be shown, mathematically, that the efficiency with 
which a perfect motor utilizes the electric energy of the 
current, depends upon the ratio between the counter electro- 
motive-force developed in the armature of the motor and the 
electromotive-force of the current which is supplied by the 
battery. No motor ever succeeded in turning into useful work 
the whole of the energy that is supplied, for it is impossible to 
construct machines devoid of resistance ; and whenever resist- 
ance is offered to a current, part of the energy of the current 
is wasted in heating the wires that offer the resistance. Let 
the symbol W stand for the electric power supplied by the 
mains to an electric motor, and let w stand for that part which 
the motor takes up as useful power from the circuit.^ These 
symbols may stand for the numbers of watts respectively 
supplied and utilized. All that part of the energy of the 
current which is not utilized by the motor, and transformed 
into useful work, will be wasted in useless heating of the 
resistances. The watts lost in heating will therefore be equal 
toW — «^. 

^ The symbol to must be clearly understood to refer to the power taken np 
by the motor as measured electrically. The whole of this power will not 
appear as useful mechanical effect however, for part will be lost by mechanical 
friction, and a minute percentage also in the wasteful production of eddy 
currents in the moving parts of the motor. What proportion of to appears 
as useful mechanical power depends on the efficiency of the motor per «e, 
which we are not here considering. In all that immediately follows we shall 
suppose such causes of loss not to exist, or the motor will be considered as 
a perfect motor. 
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But if we want to work our motor under the conditions of 
greatest economy, it is clear that we must have as little heat- 
waste as possible ; or, in symbols, w must be as nearly as 
possible equal to W. It will be shown mathematically that 
the ratio between the useful energy thus appropriated and 
the total energy spent, is equal to the ratio between the 
counter electromotive-force of the motor and the electromotive- 
force of supply. (As it is not wished here to complicate 
general considerations by introducing into the expression for 
the efficiency the energy wasted in heat in the field-magnet 
coils of the motor, we here assume that the magnetism of the 
field-magnets is independently excited.) The proof will be 
given later. Let us denote this whole electromotive-force 
with which the mains supply the motor (i. e. the volts 
measured across the terminals of the motor) by the symbol S, 
and let us call the internal counter electromotive-force E. 
Then the rule is 

^_E 

w~ §• 

But we may go one stage further. If the motor be prevented 
from turning, the current, as calculated by Ohm's law would 
be 

If the resistances of the circuit are constant, the current C, 
observed when the motor is running, will be less than C^,. 

^ R-' 

where R is the total resistance of the circuit. Hence 

Co — C E_ w 

Co ~8~W 

From which it appears that we can calculate the efficiency at 
which the motor is working, by observing the ratio between 
the fall in the strength of the current and the original strength. 
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1 

Though this mathematical law of efficiency had been known 

for forty years it was for long ignored or misunderstood. 
Another law, discovered by Jacobi, not a law of efficiency at 
all, but a law of maximum work in a given time, was given 
instead. A machine does not generally do its work with the 
best economy when it performs the greatest work in the 
least possible time ; and the maximum economy or efficiency 
of an electric motor is not when its output is at a maximum. 
, Jacobi's law concerning the maximum power of an electric 
motor supplied with currents from a source of given electro- 
motive-force is the following: — ^The output of power by a 
motor is a maximum when the motor is geared to run at such 
a speed that the current is reduced to half the strength that it 
would have if the motor was stopped. This, of course, impliea 
that the counter electromotive-force of the motor is equal to 
half the electromotive-force of supply. Now, under these 
circumstances, only half the energy furnished by the external 
source is utilized, the other half being wasted in heating 
the circuit. If Jacobi's law was indeed the law of efficiency^ 
no motor, however perfect in itself, could convert more than 
50 per cent, of the electric energy supplied to it into actual 
work. 

Dr. Siemens, who first made us realize the true physical 
signification of the mathematical expressions which, until then, 
had been reg^ded as mere abstractions, showed, some years 
ago, that a dynamo can be, in practice, so used as to give out 
more than 50 per cent, of the energy of the current. In fact, 
if the motor be arranged so as to do its work at less than the 
maximum rate, by being geared so as to do much less work 
per revolution, but yet so as to run at a higher speed, it will 
be more efficient ; that is to say, though it does less work, 
there will also be still less electric energy expended, and the 
ratio of the useful work done to the energy expended will be 
nearer unity than before. Or, instead of gearing it up to run 
fast, we may gain the same advantage by strengthening its 
field-magnets. 

The true law of efficiency was clearly stated by Lord Kelvin in 
1851, and is recognized in a paper by Joule at about the same date. 
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Jacob! seems very clearly to have understood that his law was a 
law of maximmn working, but not to have understood that it was 
not a law of true economical efficiency. Jacobi's law is not a law 
of maTJmum efficiency, but a law of maTimnm output ; and that is 
where the error creeps in. It is significant, in suggesting the cause 
of this remarkable conflict of ideas, that throughout the memoir 
which he published in 1852, Jacobi speaks of work as being the 
product of force and velocity, not of force and displacement. The 
same mistake is common enough among continental writers. Now 
the product of force and velocity is not work, but work divided by 
time, that is to say, "power," or " rate of working," or "activity," 
This may account for the widely-spread fallacy. In a paper by 
Achard in the Axmales dea Mines in January 1879, a clear distinc- 
tion is drawn between the maximum activity and the efficiency of a 
motor, and he points out how as the latter increases to a maximum, 
the former falls to zero. In April, Sir C. W. Siemens and Lord 
Kelvin gave evidence on electric transmission before a Parlia- 
mentary Conmiittee, the latter showing that it was possible to 
transmit 21,000 H.P. through a copper wire i-inch in diameter, to 
300 miles, provided a potential of 80,000 volts was used. Later 
in the same year Professors Elihu Thomson and Houston, basing 
their remarks upon the suggestions of Kelvin and Siemens, pro- 
posed to obtain economic results by connecting in series several 
dynamos at one end of a line, and several motors at the other, so as 
to work with small currents and high electromotive-forces. The 
advantage of high voltage in both dynamo and motor at the two 
ends of the line was never better or more clearly put than by Prof. 
W. E. Ayrton, in his lecture on " Electric Transmission of Power," 
before the British Association, in Sheffield in August 1879. These 
high voltages he proposed to obtain not by increasing the magnet- 
ism but by increasing the speed, and by separate excitation of both 
dynamo and motor. The gain in economy by allowing the motor 
to run at a high speed with efficiency increasing as its speed in- 
creases, was also pointed out by Dr. Werner von Siemens in his 
address to the Naturforscher meeting in September 1879 (see 
Werner von Siemens' Wisaenschafilichen und Techntechen Ar- 
heiten^ ii. 374). 

Theory of Motors. — If § be the electromotive-force of the 
mains supplying the current to the motor when the motor is 
at rest, and G be the current which flows at any time, the 
whole electric power W expended in unit time will be 
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expressed in watts, as the product of the whole of the applied 
volts multiplied by the whole of the amperes, or, 

(Totalwatts) W = SC = S^^^=^. [I.] 

Now, when the motor is running, part of this electric 
power is being spent in doing work, and the remainder is 
wasting itself in heating the wires of the circuit. The useful 
part may be similarly written down, as the product of the 
imnature's own volts (the counter electromotive-force) and 
the amperes, or 

(Useful watts) w = EC = E^l=l5?. pi.] 

All the power which is not thus utilized is wasted in 
heating the resistances. So we may write — 

Power supplied = power utilized + power wasted in heat- 
ing or, 

W ^ tcf + watts wasted in heating. 

But, by Joule's law, the heat-waste of the current whose 
strength is C running through resistance R, is expressed by 
the equation 

= C* R (watts). 

Substituting this value above, we get 

W = «^ + C«R. 

Comparing equation [I.] with equation [II.] we get the 
following : — 

w _E(S — E). 
W~8(8— E)' 

or, finally, 

w-l- P^J 

This is, in fact, the mathematical law of efficiency, so long 
misunderstood until Siemens showed its practical significance. 
We may appropriately call it the law of Siemeiu. Here the 
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ratio = is the measure of the efficiency of the motor, a&d 

the equation shows that we may make this efficiency as nearly 
equal to unity as we please, by so adjusting either the 
magnetism of the field-magnets or the speed of the motor that 
E is very nearly equal to &. 

Now the power utilized is equal to the difference between 
the total power supplied and the part wasted in heat, or in 
symbols, 

w^&C — C^R. [IV.] 

In order to find^ what value of C will give us the maximum 
value for w (which is the work done by the motor in unit 
time)i we must take the differential coefficient and equate it 
to zero. 

d w 



^ = S-2CR=0, 



whence we have 



c=!J. 



But, by Ohm's law, g-rR is the value of the current when die 
motor stands still. So we see at once that, to get maximum 
work per second out of our motor, the motor must run at such 

< The aigoment can be proven, though less simply, without the calcultis, 
as foUows : write equation [lY.] in the following form : 

C«R — gC+w = 0. 

Solving this as an ordinary quadratic equation, in which G is the unknown 
quantity, we have 

2R 

To find from this what value of G corresponds to the greatest value of to, it 
may be remembered that a negative quantity cannot have a square root, and 
that therefore the greatest value that to can possibly have will occur when 

4 R w = g», 
for then the term under the root sign will vanish. When this condition is 
observed it .will foUow that 

or the current will be reduced to half its original value. 
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a speed as to bring down the cuirent to half the value which 
it would have if the motor were at rest. In fact, we here 
prove the law of Jacob! for the maximum rate of doing work. 
But here, since 

^ S — E S 
^ R *R' 

it follows that 

g — E = iS, 
or 

- = *• 

whence it follows also that 

w 

w *• 

That is to say, the efficiency is but 50 per cent, when thu 
motor does its work at the maximum rate.^ ^ 

1 It may be worth while to recall a precisely parallel case that occurs in 
calculating the currents from a voltaic battery. Everyone is familiar with 
the rule for grouping a battery which consists of a given number of cells, 
that they will yield a maximum current through a given external resistance 
when so grouped that the internal resistance of the battery shall, as nearly 
as possible, equal the external resistance. But this rule, which is true for 
n umlmma ciyrent (and, therefore, for maximum rate of using up the zinc 
of one*8 battery), is not the case of greatest economy. For if external and 
Internal resistance are equal, half the energy of the current will be wasted 
in the heat of the cells, and half only will be available in the external cir- 
cuit If we want to get the greatest economy, we should group our cells so 
as to have an internal resistance much less than the external. We shall not 
get so strong a current, it is true ; and we shall use up our zincs more 
slowly ; but a far greater proportion of the energy will be expended usefully, 
and a far less proportion will be wasted in heating the battery cells. The 
maximum economy will of course be got by making the external resistance 
infinitely great as compared with the internal resistance. Then all the 
energy of the current will be utilized in the external circuit, and none 
wasted in the battery. But it would take an infinitely long time to get 
through a finite amount of work in this extreme case. The same kind of 
reasoning is strictly applicable to d3rnamos used as generators, the resist- 
ance of the rotating part of the circuit being the counterpart of the internal 
resistance of the battery cells. For good economy, the resistance of the 
armature should be very low as compared with that of the external circuit. 
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Gbaphio Repbesentatioh of Laws of Motobs. 



Several graphic constructions have been suggested to con* 
vey these facts to the eye ; one of these enables us, in one 
diagram, to exhibit graphically both .the law of maximum 
rate of working, and the law of efficiency.^ 

Let the vertical line, A B (Fig. 825), represent the electro- 
motive-force S of the electric supply. On A B construct a 
square A B C D, of which let the diagonal B D be drawn. 
Now measure out from the point B, along the line B A, the 
counter electromotive-force E of the motor. The length of this 
quantity will increase as the velocity of the motor increases. 
Let E attain the value B F. Let us inquire what the actual 

current will be, and what the energy of 
it; also what the work done by the 
motor is. First complete the construc- 
tion as follows : — Through F draw 
F G H, parallel to B C, and through G 
draw E G L, parallel to A B. Then the 
actual electromotive-force at work in 
the machine producing a current is 
S - E, which may be represented by 
any of the lines A F, K G, G H, or L C. 
Now the electric energy expended per second is g C ; and 

S — E 




Fia. 825. 



since C = 



R 



, it may be written as 

S(S — E). 
R ' 



and the electric energy utilized by the motor, measured in 
watU^ is 

E(S — E) 

R 

R being a constant, the values of the two are proportional 
to 

8(S — E)andE (S — E) 

See paper by the author in the PhilosophicaX Magazine^ Feb. 1883. 
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Now the area of the rectangle 

AFHD = S(S— E), 

and that of the rectangle 

GLCH = E(S— E). 

. Tiu ratio of theie two areoB on the diagram i$ the effictmey of a 
perfect motor, under the condition of a given conjoint eUctro- 
motive-force in the electric tapply. 

Turn to fig. 826, in which these areas are shaded. This 
figure represents a case where the motor is too heavily loaded, 
and can torn only very slowly, so that the counter electro- 
motive-force E is very small com- 
pared with $. Here the area which 
represents the energy expended, is 
very I&i^ s while that which repre- 
sents useful work realized in ^e **' 
motor is verysmall. The efficiency 
is ohviously very low. Two-thirds 
or more of the energy is being 
wasted in heat. 

So far we have assumed that 
the efficiency of a motor (working *^* ^^ 

with a given constant external 

electromotive-force) is to be measured electrically. But no 
motor actually converts into useful mechanical effect the 
whole of the electrical energy which it absorbs, since part 
of the energy is wasted in friction and part in vrast«ful 
electro-magnetic reactions between the stationary and moving 
parts of the motor. What we are expressing thus as useful 
work is the work actually delivered to the armature to 
drive it. It is 8 mere matter of good engineering how 
small a percentage of this must be discounted for friction 
in tiie bearings, eddy-onrrents, hysteresis and the like. If, 
hovrever, we might consider the motor to be a perfect engine 
(devoid of friction, not producing wasteful eddy currents, 
running without sound, giving no sparks at the collecting- 
s' 
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brashes, etc.), then we might take the mechanical output 
as being precisely equal to the actual power delivered elec- 
trically to the armature. Such a ^^ perfect '' electric engine 
^ould, like the ideal ^^ perfect " heat engine of Carnot, be 
perfectly reversible. ' In Camot's heat engine it is supposed 
that the whole of the heat actually absorbed in the cycle of 
operations is converted into useful work ; and in this case the 
efficiency is the ratio of the heat absorbed to the total heat 
expended. As is well known, this efficiency of the perfect 
heat engine can be expressed as a function of two absolute 
temperatures, namely those respectively of the heater and of 
the refrigerator of the engine. Camot's engine is also ideally 
reversible ; that is to say, capable of reconverting mechanical 
work into heat. 

The mathematical law of efficiency of a perfect electric 
engine illustrated in the above construction is an equally ideal 
case; and the' efficiency can also be expressed, when the 
constants of the case are given, as a function of two electro- 
motive-forces. 

Law of Maximum Activity (Jacobi). Let us next con- 
sider the area G L C U of the diagram (Fig. 325) which 
represents the work utilized in the motor. The value of this 
area will vary with the position of the point G, and will be 
a maximum when G is midway between B and D ; for of all 
rectangles that can be inscribed in the triangle BCD, the 
square will have maximum area (Fig. 827). But if G is 
midway between B and D, the rectangle G L C H will be 
exactly half the area of the rectangle A F H D ; or, the 
useful work is equal to half the energy expended. When 
this is the case, the counter electromotive-force reduces the 
current to half the strength it would have if the motor were at 
rest; which is Jacobins law of the efficiency of a motor doing 
work at its greatest possible rate. Also F will be half-way 
between B and A, which signifies that £ = i S* 

Xot^ of Maximum Efficiency. — Again, consider these two 
rectangles when the point G moves indefinitely near to D 
(Fig. 328). We know from common geometry that the 
rectangle G L C H is equal to the rectangle A F G K. The 
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aroa (square) E G H D, which is the excess of A F H D over 
A F G K, represents therefore the electric energy which is 
wasted in beating the resistances of the motor. That the 
efficiency should be a maximum the heat-waate moat be a 
minimum. In Fig. 325 this comer square, which stands for 
the heat-waste, was enormous. Id Fig. 827 it was exactly half 
the enei^. In Fig. 328 it is less than one quarter. Clearly 
we may make the beat-waste as small as we please, if only we 
will take the point F very near to A, The eflBciency will be 
a maximum when the heatrwaste is a minimum. The ratio 
of the areas G L C H and A F H D, which represents the 
efficiency, can therefore only become eqnal to unity when the 
square K G H D becomes indefinitely small — that is. whea 



FlO. 827.— OBOHnmc IixnSTRA- 

TION OF JACOBI'bLAWOFHAZI- 

iicii Acnvrrr. ifUM Efficiknct. 

the motor mns so fast that ita connter electromotive-force E 
differs from g by an indefinitely small quantity only. 

It is also clear that if our dii^ram is to he drawn to repre- 
sent any given efficiency (for example, an efficiency of 90 per 
cent.), then the point G must be takjen so that area G L C H 
=: ^ area A F H D ; or,G must be ^ of the whole distance 
along from B towards D. This involves that E shall be equal 
to ^ of S, or that the motor shall mn so &at as to reduce 
the current to -j^y of what it would be if the motor were 
standing still. Thus we verify geometrically, the law of 
maximum efficiency. If there is leakage in the line, then, 
this law will require modification,^ for the higherthe counter 

1 See Eftpp's Mectrie Ttatumtition qf Sinvrgy, 4th edition, p. 18(> 
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electromoUTe-force of the motor, the higher will be the 
potential of the line and the greater the loss by leakage. 

It is now evident what we have to do to obtain any desired 
percentage of efficiency. Suppose current is supplied at 100 
Tolts at the mains : then to utilize 90 per cent, we must 
employ as motor a dynamo which, when mnning at its proper 
speed and output, generates an electromotiTe-force of 90 
volts. 

We may now extend the graphic method to a further case. 

Suppose that g is no longer taken as a constant, but that the 
work to be done by the motor per second is a CODStaut. F(»ttiiB 
case we may write equation [II.], p. 49S, as 

E (S - E) = w R. 



^Hiis equation is graphically represented by the curve P H Q 
(Fig. 339), in which the values of g are plotted asabecisss and 
t^oee of E as ordinates. From this curve It is at once seen that 
there will be a certain mini- 
mum value of g which will 
suffice to give to the mot<» 
the prescribed amount of 
energy per second. The 
curve is so drawn thatitpasses 
through the comer H of all 
the areas equal to G L C H 
drawn to fit underthediagonal 
of theequare. Of theeeareas 
which represent equal work 
done by the motor, the one 
which has minimum value of 
g is the square which fits to 
the apex of the curve and 
corresponds to the case where 
g = 3 E. This result, which 
was first pointed outbyProf. Carhart,' is the converse of Jacobi's 
law, and, like it, involves an efficiency of only 60 per cent. A 
much higher efficiency is obtained when g and E are both greater, 
as indicated by the square drawn through the point ft. 

MnwHcoa Journal of Science, xzxL BS, IS8B. 
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Speed and Toeqtje of Moxons. 

Certain very important relations subsist between the 
condition of the electric supply and the speed and turning- 
moment of a motor. 

In Chapter V., on Mechanical Actions and Reactions, it 
was set forth that the power ti*ansmitted along a shaft is the 
product of two factors, the speed and the torque (or turning- 
moment). If » stands for the angular velocity and T for the 
torque,* then 

<u T = mechanical work per second, or power. 

This may be expressed in watts by use of the proper co- 
efficient. 

Now if E is the electromotive-force generated by the arma- 
ture, and C the current through it, the electric energy per 
second in the armature is the product — 

E C = equal electric work per second (in watts ^. 

If the whole of these four quantities, », T, E and C, are 
armaturequantities,strictly,wemay equate the electrical and 
mechanical expressions together ; and the equation will be 

^ If n be the number of revolutions per second^ then 2 ^ n ^r 6). Also if 
F be the transmitted pull on the belt (or rather the difference between the 
pull in that part of the belt which is approaching the driving pulley and the 
pull in that part which is receding from the driving pulley) in pounds weight, 
and r be the radius of the pulley, F r « the turning-moment or torque » 
T, then «T=s2trnrF = the number of foot-pounds per ^second trans- 
mitted by the belt. This may also be proved as follows : Horse-power is 
product of the force into the velocity. The circumference of the pulley is 
2 n- r, and it turns n times per second, therefore the circumferential velocity 
is 2 ^ rn, and this, multiplied by F, gives the work per second. If F is ex- 
pressed in grammes weight, and r in centimetres, then 2 ^ rn F will give 
the power in gramme-centimetres, and must be divided by 7*6 XIO^ to bring 
it to horsepower, and must be multiplied by OSl X 10-7 to bring it to watts. 
If « is in radians per second and T in dyne-centimetres, then the product 
will be ergs per second, and can be brought to watts by dividing by 10^. 

> Since 1 volt == 10* C.G.S. units of electromotive-force, and 1 ampere = 
is-^G.O.S. units of current, 1 watt (or volt-ampere) will be » lO^ C.G.S. 
units of work per second » 10^ ergs per second ^ W -— 061 gramme-centi- 
metres per second. 
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true for either a motor or a generator In the generator, E 
and C are in the same direction and T opposes to ; or there is 
a counter-torque. In the motor, T and ai are in the same 
direction, but E opposes C ; or there is a counter electro- 
motive-force- 

In treating of the dynamo as a generator, it was assumed 
that the mechanical power could be supplied under one of the 
two standard conditions, on the one hand of constant speed 
(and torque varying with the electrical output), or else on the 
other of constant torque (and speed varying with the output). 
One of these two mechanical conditions being prescribed, 
algebraic expressions had then to be foimd for the two cor- 
responding factors of the electric output, namely, the electro- 
motiv&force and the current, under varying conditions of 
resistance in the circuit. Also we investigated these condi- 
tions which would result in making one or the other factor 
of the electric output constant. It was found convenient to 
study the relation between the two factors of output by the 
aid of the curves known as characteristics. 

Similarly, in treating the dynamo as a motor, it will be 
assumed that such arrangements of electric supply can be 
made that the electric power can be furnished under one of 
the two standard conditions, on the one hand of constarit 
potential (and current varying with the mechanical output of 
the motor), or on the other of constant current (and potential 
varying with the mechanical output). One of these two con- 
ditions being prescribed, we shall then have to find algebraic 
expressions for the two corresponding factors of the mechani- 
cal output, namely, the speed and the torque^ under varying 
conditions of load on the shaft. Also, we shall investigate 
what are the conditions which will result in making one or 
other factor of the mechanical output constant : in other words, 
we shall ascertain what are the conditions of self-regulation to 
make the motor run at constant speed or with constant torque. 
Lastly, it will be found convenient to study the relation 
between speed and torque by the aid of curves, which, by 
analogy we may call mechanical characteristics* 
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« Gbnebal Expbessioks fob Tobque and Speed. 

The work imparted per second to the shaft of the motor 
may be expressed either in electrical or mechanical measure. 
In the former case it is the product of the motor's electro- 
motive-force (i. e. the counter electromotive-force opposing the 
electromotive-force of supply) into the current flowing in the 
armature ; in the latter case it is the product of angular speed 
into torque. So we may write 

and (average) E = n Z ^ exactly as in a dynamo that is 
being used as a generator (see p. 173). Hence 

2irwT = wZNCa, 
2 7rT = Z NCa; 

and finally the average value of the torque will be 

T=C,Z!^ [«]. 

From this it appears that if N is constant, the torque is simply 
proportional to the current in the armature. 

To develop this expression further, we must remember 
that Ga can be calculated in terms of the electromotive-force 
of supply &, as measured at the terminals of the machine, and 
the internal resistance of the circuit through the armature 
part, which we call r ; and then 

r 
whence it follows that 

T^ZN 6-nZN .... [^.3 
2 ?c r 

Fpom this it follows that when the speed becomes so great 
that n Z N = g, there will be no torque. In fact, when there 
is no resisting force on the shaft the motor runs empty at its 
highest speedy namely, such as will make the counter electro- 
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motive-force as nearly as possible equal to the electromotive- 
force of supply. The maximum value of T, supposing ^ 
constant, is obviously when n = 0. 

An expression for the speed can be obtained from the 
preceding : 

^_ g 27rTr ri 

''~ZJ\^'7?W ^^^' 

In equation [a] T wUl be expressed in dyne-centimetres if Ca is in absolnte 
O.G.S. units of current; if Cais given in amperes, then the value must be 
divided by 10 if T is to be obtained in dyne-centimetres, or by OSIO if it is to 
be obtained in gramme-centimetres, or by 13*56 X 10^ if the torque is to be 
expressed in poond-feet (i.e. so many pounds weight acting at a radius of 
one foot) . 

In equation [7], in order that n may be expressed in revolutions per second, 
the value of g, if given in volts, must be multiplied by 10*; that of r, if in 
ohms, by 10^. whilst T must be reduced to dyne-centimetres. If T is given 
in pound-feet, its value must be multiplied by 1-356 X 10^- 

Examples: — (1) In one of Brown's 4-pole machines used as 
motor, Z = 368; Ca=275 ; giving 260 H.P. at 600 revs, per 
minute. Calculate the number of magnetic lines that must go 
through the armature. (2) A 2-pole motor is required to supply 
4 H.P. in an arc-light circuit in which the current is kept at 10 am- 
peres : How many volts must it generate f Assume N = 2,000,000, 
and that the speed is 15 revs, per second, how many armature 
conductors must it have ? 

The three equations [a], [fi'] and [y] are true, not only for 
motors, but for generators, the S of the formulae being in the 
latter case replaced by e. This will give negative values for 
T, the significance of the sign being that the torque due to 
the action of the magnetic field on the conductors carrying 
the armature current is such as to oppose the driving. 

If r is very small, and ^ relatively very large, the second 
term may be neglected, and the speed will then depend on 
the first term only. It will be the smaller as ^ is greater : 
this being the simple converse of the corresponding fact that 
the more powerful the magnetic field the less need be the 
speed of the dynamo. to give the desired output. We may 
lUso notice that if ^ is constant, the speed is proportional 
to @ ; it will be constant if the condition of supply is that of 
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constant potential, but will be variable if S varies. If the 

motor is to do its work at a slow speed, Z should be great as 
well as W* 

We. must next inquire how n and T are affected by the 
fact that the value of N depends upon the construction and 
winding of the field-magnet of the motor, and by the condi- 
tions of supply. We shall consider the following kinds of 
machine : — 

A. Magneto Motor and Separately-ezeited Motor. 

B. SerieB'Wound Motor. 

C. Shunt-wound Motor. 

D. Compound-wound Motor. 

In each instance we shall have to take into account the 
conditions of supply, according as S or C is constant. 

Magneto Motob and Separately-bxcitkd 

MOTOB. 

It is here assumed that ^ is constant, in other words, that 
the perturbing reactions of the armature may be neglected. 
Under these circumstances the general formulsB already found 
require small modification. The only internal resistance is 
that of the armature r^. 

Case (i.) : S conBtant. 

In this case formula \y\ 
gives the desired relation, 
from which the meehani- 
eal characteristic may be 
plotted out, as in Fig. 880. 
It is a straight line cutting ( 
the axis of n at a point 
representing to scale that 
speed at which n Z ^ = g ; 
and it slopes downwards at 
an angle such that the tangent of the slope is equal to 
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Fio. 880. 

liSCHAiaCAL CHASACrERSmOB 

OF Magnbto Motor. 
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27rr<,-T-Z3 N^, oris proportional to the internal resistaace. 
In the case of the separately excited motor, increase in 
the exciting current, strengthening the field, will obviously 
make the sloping line more nearly horizontal, as well as 
loweiiiig the speed as a whole. 

If we attempt to take into account the reactions of the 
armature, we must remember that the effect of the armature 
current is to demagnetize, if there is a backward lead, and to 
magnetize if there is a forward lead. A backward lead, then 
would tend to make the sloping line, at constant S9 rise and 
become more level as the torque increased, because it would 
weaken the magnet, and so let the speed increase ; whilst a 
forward lead would tend to make it slope still more. 

Case (ii ) : C constant. 

In this case, as reference to formula [a] shows, the torque 
is constant, being independent of speed and of internal resist- 
ance. The mechanical characteristic of the machine under 
these conditions is a vertical straight line« 



Sbbies Motob. 

The fundamentd equations are as before, with the addition 
of the following : — 

but now we may with advantage introduce the approximate 
formula for the law of the electromagnet (derived from 
Frolich's) given in Chapter VI., and write, as on p. 148, 
where C is the diacritical current and A = S C, 

'^ ' cTc^ 

Putting this value of N ^^^ *^® expression [a], on p. 608, 
for the torque, and writing for brevity ^ N =3 Y, we have 

2 TT 

C + C 
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This relation between torque and current ib given graphically 
in Fig. 881. For values of C that are small as compared with 
C, T varies nearly as C^ ; whilst for large values of C, as 
magnetic saturation advances, T is nearly proportional to C. 
The equation may also be written in the quadratic form — 



C» — ?C 
Y 



lo-o. 



the solution of which is 



T ji±v/i+^o' 



2Y 






It is permissible for large values of T to neglect the second 
term under the root sign, since the magnetization grows nearly 
constant 




F». 881. 



Fio. 882. 

liBGHANICAL CHAHACIEBISTIOB OF 

Sbbies Motor. 



As an example plot the following figures taken from a test of a 
80 H.P. street-car motor, where the torque is given in poimd-feet, 
the current in amperes, and the speed in revolutions per minute : 



Current 


8*5 


10 


20 


80 


40 


50 


70 


90 


94 


Torque 





29 


95 


188 


281 


885 


610 


868 


912 


Speed : 


479 


286 


146 


118 


99 


86 


61 


89 


85 
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Now from [a] and \y\ above we may eliminate S N* 
giving 



^_ SC _ rC^ 



whence, 



w = 



n = 



2*T~ 


2>rT' 
r(C + C'). 


2*T~ 
% — rC' 

2«Y 


2«r ' 

rT 



Case (i.) : S constant. 

If g is constant, then, as the last equation shows, for large 
values of T the values of n are equal to a certain constant less 
a quantity proportional to T ; or the mechanical characteristic 
at this point (when the magnets are well saturated) is, for all 
large values of T, approximately a straight line as shown in 
Fig. 882. 

Case (ii.) : C c(yM;taid. 

Here, clearly, saving for armature reactions, the magnetiza- 
tion will be constant; hence the torque will also be constant, 
as in Fig. 880. With a load exceeding a certain amount, the 
motor will not start ; with a lesser load it will race until 
friction and eddy-currents make up the difference. 

The properties of series-wound motors are so important 
that we may pause to consider them a little more fully. We 
know that if the current running through a series dynamo be 
constant, so that its magnetism is constant, the electromotive- 
force it develops is almost exactly proportional to its speed. 
It therefore follows that if E is proportional to o^, T will be 
proportional to C. This is abundantly verified in the case of 
series motors by experiments. When a Siemens series 
dynamo was arranged to lift a load of 56 lbs. on a hoist, it 
lifted this load at the rate of 212 feet per minute, developing a 
counter electromotive-force of 108*81 volts. The applied 
electromotive-force was 111 volts, and the resistance of the 
circuit was 0-8 ohm. The effective electromotive-force was 
therefore 249 volts and the current 7*8 amperes. When the 
resistance of the circuit was increased to 2*2 ohms, the speed 
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leli to 169 feet per minute, the counter electromotive-force to 
94*94 ; the effective electromotive-force, S - E, was there- 
fore 16*06 volts, and the current 7*3 amperes as before. When 
4*8 ohms were inserted, the speed fell to 141 feet per minute, 
and E to 76 volts ; g - E was 35 volts, and the current 7*8 
Amperes as before. With the same loady the same current^ 
whatever the speed. 

The fact that the torque of a series motor depends onlj 
on the current is of advantage in the application of motors to 
propulsion of vehicles (such as tram-cars) which at starting 
require for a few seconds a power greatly in excess of that 
needed when running.^ 

In the series motor, when supplied at constant p0tonti.1l, 
E is not proportional to the 6peed, because the field-magnetisui 
is not constant, but falls off as E increases, being (if unsatu- 
rated) nearly proportional to S - E. It therefore will not 
run at a constant speed. Neither will it run at a constant 
speed if supplied with a constant current. 

Use of two Series Machines in Transmis9um. — It is known 
that if two similarly-constructed series-wound machines 
are used — one as generator, the other as motor — the 
arrangement is almost perfectly self-regulating, the speed of 
the motor at the receiving end being almost constant if that 
of the dynamo at the transmitting end is constant. Every 
addition to the load put upon the motor, tending to check 
the speed, causes an increase of current to flow, and so throws 
proportionate additional work upon the generator, which in 
turn takes more power from the steam engine to keep up its 
speed. As we have shown above, the torque of the motor 
Tj will depend, in the given machine, on the current alone, 
and on the cuiTent will depend the torque at the dynamo T^. 
Mr. Eapp has further shown ' how, if there is a resistance in 
the line, the arrangement may still be made self-regulating by 
choosing as generator and motor two machines so wound that 
comparing their characteristics for the prescribed speeds, the 

1 See remarkB by E. Hopklnson, Proc, Inst. CiUl Engineers^ zd. pt U 
6, 1887. 
> See Eapp's Electrical TrQn9mis9lon of Energy^ 4th edition, p. IM. 
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difference in their electromotive-forces corresponding to a 
given value of cun*ent shall be equal to the electromotive- 
force requisite to drive that particular current through the 
resistance of the whole circuit. See Chapter XXVIII., on 
Transmission of Power. 

The late Sir C. W. Siemens ^ drew attention in 1880 to the 
singular properties of the combination of a generating dynamo 
and an electric motor, instancing a locomotive motor which, 
when descending an incline, quickens its speed and actually 
becomes a generator of currents, paying back the spare power 
into store. He also remarked how two trains driven by 
motors running on the same pair of electric rails, tend to 
regulate one another, the one on a descending portion of the 
road transmitting power to the other, as though ^^ connected 
by means of an invisible rope." 



Shunt Motob. 
The fundamental conditions are as follows : — 

T = C ^N . 
Ca = C— C; 

and, adopting the appropriate form for the law of magnetiza- 
tion, 



E 



= §(l + r!:)— r,C. 



From the first three of these we get 



'-^("-1)^571" 



1 Journal 8oc, Tdgr, Engineers^ ix. 801, 1880. 
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and, transposing and writing Y for Z f^ -4- 2 «, 

and from the last of the four 

Inserting the value of C, we have 

Case (i) : S eouBtanU 

The last equation shows that a shunt-motor, supplied at 
constant potential, will have a speed that would be constant 
and independent of the torque if it were not for internal re- 
sistance ; and further, that the consequent falling off as the 
torque increases will be the less as the field-magnetism is the 
more powerful. 

As an example, a Victoria shunt motor tested by Mr. Mordey, in whldi 
the load was varied from 91*8 X 10^ to 1357*2 X 10^ dyne-centimetres, only 
decreased its speed from 16*25 to 15*75 revolutions per second. 

It is instructive to contrast the self-regulating power of a 
shunt dynamo with the self-governing power of a shunt motor. 
The former, when driven at a constant speed, generates 
electric power at a nearly constant potential ; the latter, when 
supplied from the mains at a constant potential, would furnish 
mechanical power at a nearly constant speed ; and in both 
cases the departure from absolute constancy is proportional 
to the internal resistance of the armature coils, and to the 
output electrical or mechanical, of the machine for the time 
being. 

So far we have supposed the armature to exert no magnetic 
reaction. Now, as we shall see, to obtain sparkless running 
there must be a backward lead, and in motors a backward lead 
tends to demagnetize. But demagnetizing tends, as we have 
seen, to increase the speed ; hence in the case of constant pres* 
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sure supply, when there is a great load, the very reaction of 
the great current will tend to prevent the speed from falling, 
making the shunt motor very nearly self-regulating. These 
reactions must now be considered in detail. 

Case (ii.) : C con«tanU 

The determination of this case is more complicated, though 
the general considerations are simple enough. If the motor 
is standing Still when the current is turned on, nearly all the 
current will go through the armature, next to none through 
the shunt ; hence there will be little magnetism, and therefore 
almost no torque. Such a machine will not start itself with 
any load on ; but if it be once started, its counter electro- 
motive-force will cause the current in the armature to decrease, 
whilst that round the shunt increases. The torque will there- 
fore then increase with 



II 





«0»i«TAIIT 



the speed, but not inde- 
finitely, for as the mag- 
netism advances in its 
degree of saturation, the 
increase of W will no 
longer compensate for 
the decrease of €«; and 
from that point onwards 
the torque will decrease 
if the speed is allowed 
to increase. And, hypo- 
thetically, the speed 
should increase until the 
motor's own electi'o- 
motive-force exactly 
equals the difference of potentials due to the whole of the 
constant current flowing through the resistance of the shunt, 
under which circumstances there will be no current through 
the armature and zero torque. Fig. 888, which, like the 
preceding, is taken from Dr. Frolich's work, gives the 
mechanical characteristics for the two cases. 



Fig. 888.— MscHAincAL Charactebistios 
OF Shunt Motobs. • 
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RSAOnOK BBTWEBK AbMATUBE AND FiELD-MaGKET8 

IN A MOTOB. 

On pp. 70 to 80 and pp. 880 to 895, the reactions between 
the armature and field-magnets of a dynamo were considered 
in detail, but attention was confined solely to that which occurs 
when the dynamo is used as a generator. In that case we 
noted that the current in the armature tended to cross- 
magnetize the armature core and to distort the field in the 
sense of the rotation ; while the forward lead of the brushes, 
needful for sparkless commutation of the cuiTent, tended to 
exercise a demagnetizing effect. The same thing is true of 
a motor ; but with a difference. A current supplied from an 
external source magnetizes the armature and makes it into 
a powerful magnet, whose poles would lie, as in the bipolar 
dynamo, nearly at right angles to the line joining the pole- 
pieces, were it not for the fact that in this case also a lead 
has to be given to the brushes. Suppose, as in most of the 
drawings in this book, that the S-pole of the field-magnets 
is on the left, and the N-pole on the right. Also that the 
current so traverses the armature that it causes the highest 
point to be a S-pole and the lowest point a N-pole. This 
means that if the armature is wound right-handedly the 
current must come in through the top brush and leave by the 
bottom one, the top brush being connected to the -|- main. 
Oompare with p. 60. Clearly, in this case, the armature 
will rotate right-handedly, because the S-pole at the top will 
be repelled from the S-pole on the left and attracted toward 
the N-pole on the right. It will therefore run right-handedly 
(in a right-hand field) when the current flows downwards from 
top to bottom, exactly as the armature of a generator must 
run in order to send a current upwards. In each case the 
direction of the induced electromotive-force is the same — 
upwards — with the current in the generator, against the 
current in Jthe motor. 

It follows that in a motor a forward lead would convert 
the cross magnetizing-force into one that tends to increase 
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tliat of the field-magnet, whilst a hachwari lead tends to de- 
miigDetize. Further, since with a forward lead the armature 
polari^ strengthens that of the field-m^net, it is possible 
(apart from the question of sparking) for a motor to be 
worked without any other means being taken to magnetize 
tlie field-magnets (see p. 896) : the armature will induce a 
pole in the field-m^net and then attract itself round towai-ds 
this induced pole. This principle has been used for many 
years in small motois. 



FiQ. 884.— The Aot op Commutation op a Sbctiom of thi 
Abmatubb or a Uotok. 

The cross-magnetizing force will also have the effect of 
weakening the field under the two leading pole-tips, and of 
strengthening them under the two trailing pole-tips. Thia 
is tiie opposite effect to that in a dynamo. In the motor 
(without lead even) the cross-magnetizing reaction tends to 
shift round the field in a sense oppofite to that of the rotation. 
We shall now see what are the conditions for minimum 
sparking. Consider (Fig. 334) a coil W ascending on the 
left, lie current in it is descending from the top brush, 
whilst it is itself the seat of an electromotive-force that tends 
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to stop or reverse its current. Now we know that the con- 
dition of nonnsparking requires that at the moment whilst the 
coil passes under the brush, and is short-circuited, it should 
be passing through a field that is not only sufficiently strong, 
but one that tends to reverse the direction of its current. It 
is already in such afield; hence the act of commutation must 
take place hefore it passes out of this magnetic field. It must 
be commuted before it arrives at the highest point. In other 
words, a backward displacement must be given to the brushes 
if there is to be no sparking. The neutral line n in! will there- 
fore rake backwards in a motor into the fringe of the magnetic 
field. But since (in every case) both eddy-currents and 
hysteresis tend to shift the magnetic field slightly in the 
direction of the rotation — increasing the lead in a generator, 
diminishing it in a motor — it follows that the negative (or 
backward) lead in a motor may be slightly less than the 
positive (or forward) lead in a generator, for equal flow of 
current and equal excitation.^ The advantage in point of 
weight of a motor in which the armature should help to 
excite the field-magnets, thereby reducing the weight of the 
latter, led Professors Ayrton and Perry,* in 1888, to advocate 
designs with weak field-magnets and powerful armatures 
acting with a forward lead. But from the foregoing con- 
siderations it follows that if a forward lead is given to the 
brushes of a motor in order to get a more powerful rotation, 
the motor will spark at the brushes, unless some special 
device, such as that used by Sayers, for the prevention of 
sparking, is employed. Minimum of sparking maybe recon- 
ciled with high efficiency by so designing and constructing 
motors that the armature shall not perturb the magnetic 
field due to the field-magnets. This can be accomplished by 
following out the very same principles of design and con- 
struction which were found to be correct guides in the case 
of dynamos used as generators (p. 886). Mr. Sayers, whose 
method of winding armatures with auxiliary commuting coils 

^ This appears to be the explanation of the diiferenoes— otherwise animpor- 
tant — observed by Snell ; Journal Inst, Electr, ISngineers. six. IM, VM^ 
^Journal Soe. Telegr. Engineera^ zii. May 1888. 
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was 'considered on p. 895, has applied the same method^ to 
the armatures of motors. With this device the current flows 
through the armature sparklessly even though a considerable 
forward lead is given to the brushes ; and in this way the 
armature is able to help the magnetization of the field-mag- 
nets. For description of a motor on this plan, see p. 540. 

Mr. Mordey,^ who has carefully tracked out the analogies 
between dynamos and motors, has observed that in several 
respects it is even more important that the rules laid down 
for the good design of generators should be observed for 
motors. Eddy-currents must be even more carefully elimi- 
nated. Also the greatest attention must be paid to proper 
mechanical arrangements for transmitting to the shaft the 
forces exerted by the field-magnet upon the armatures. 

Contrast the conditions which are bound up in the dis- 
position of the magnetic fields of the generator and the motor 
respectively. In one the armature is mechanically driven 
round while the magnetic forces in the field tend to pull it 
back. In the other, the magnetic forces of the field tend to 
drag it round, and it is thereby enabled to do mechanical 
work. In one case there is an opposing mechanical reaction 
tending to stop the steam engine. In the other there is set 
up an opposing electrical reaction (the induced counter 
electromotive-force) tending to stop the current.' In both 
cases the rotation is supposed to be taking place in the same 
sense — ^right-handedly. In both the effect is to displace the 
lines of force of the field, but in the generator the mechanical 
rotation acts as if it dragged tlie magnetism round, whilst in 
the motor the reciprocal magnetic reactions act as if they 
tried to drag round the armature, producing mechanical 

1 Inst. Electr. Engineers, xxil. 877, 18d3 ; xxiv., 1805. 

a Phil. Mag,, Jan. 1886. 

* The law of the electrical reaction resulting in a generator from the me- 
chanical motion is summed up in the well-known law of Lenz, that the in* 
duced current U always such that by virtue cfits electro-magnetic ^ect it 
tends to stop the motion that generated it. In the converse case of the me- 
chanical reaction resulting, in a motor, from the flow of electrical energy, it is 
easy to formulate a converse law, viz. that the motion produced is always such 
that by virtue qf the magneto-electric inductions which it sets up it tends to 
stop the current. 
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rotation. In the usual type of generator we found sparkless 
reversal to require a positive lead. In the motor, on the con- 
trary, sparkless reversal necessitates a negative lead. If a 
motor is set with no lead, and if the field-magnets are very weak 
or are not excited at all, it will run in either direction accord- 
ing as it may be started. If in a motor with well-excited field- 
magnet the current be reversed in the armature fart of the 
circuit only, the motor will usually reverse its rotation, but 
will usually require the lead to be reversed to run as spark- 
lessly as before. If, instead of reversing the current in the 
armature, the magnetism of the field-magnet be reversed, 
a similar result will follow. If botH are reversed at the 
same time, the motor will go on rotating as if nothing had 
happened. 

Dynamos wound and connected for working as generators 
of continuous currents may be used in all cases as motors, 
but with some difference. A series dynamo set to generate 
currents when run right-handedly (and therefore having a 
forward right-handed lead), will, when supplied with a current 
from an external source, run as a motor, but runs lef t-handedly 
against its brushes. To set it right for motor purposes requires 
either that the connections of the armature should be reversed, 
or that those of the field-magnet should be reversed (in either 
of which cases it will run right-handedly), or else the brushes 
must be reversed and given a lead in the other direction (in 
which case it will run left-handedly). A shunt-dynamo set 
ready to work as a generator will, when supplied widi current, 
run as a motor in the same direction as it ran as a generator ; 
for if the current in the armature part is in the same direction 
as before, that in the shunt is reversed, and vice versd. A 
compound-wound dynamo, set right to run as a generator, 
will run as a motor in the reverse sense, against its brushes if 
the series part be more powerful than the shunt, and with 
its brushes if the shunt part be the more powerful. If the 
connections are such (as in compound dynamos) that the field- 
magnet receive the sum of the effects of the shunt and series 
windings when used as a generator, then it will receive the 
difference between them when used as a motor. There are 
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certain advantages in using a differentially-wound motor, as 
will appear hereafter. 

The subject of alternate-current machines as motors is 
treated separately in Chapters XXIV. and XXV. 

REVSBSiNa Gear fob Motors. — ^A motor, as will be seen from 
the preceding discussion, can be reversed by the operation of 
reversing the current through the armature, and at the same mo- 
ment reversing the lead. But reversing the current can also be ac- 
complished by rotating the brushes through 180^. Consequently 
both these actions may be accomplished by the single operation of 
advancing the brushes through 180*^-2 ^, where ^ is the original 
angle of lead. But as the brush would then slant in the wrong 
direction, it is usual to provide a second set of brushes. This is, 
indeed, Hopkinson^s method of reversing. He employs two pairs of 
brushes, each pair being capable of moving about a common pivot, 
so that either the pair having a lead in one direction, or the pair 
having a lead in the other direction can be let down upon the 
commutator. The result of this arrangement is that, by moving a 
lever, the angular lead and the direction of the current are reversed 
at the same instant. Such reversing gears are obviously most use- 
ful in the industrial applications of motors, and if the difficulties 
of sparking at the brushes caused by the sudden removals of them 
irom the collector be obviated, must prove much better than any 
mechanical device to reverse the motion by transferring it from 
the axle of the motor through a train of gearing to some other 
axle. One great advantage of electric motors is, that they can be 
easily fixed directly on the spindle of the machine which they are 
to drive ; an advantage not lightly to be thrown away. Carbon 
brushes are almost always used for motors, as their position end- 
on is suitable for revolution in either sense. 

Various other forms of reversing gear have been proposed to 
accomplish the desired end. If the field-magnets of a motor 
are so powerful relatively to the armature that no lead has to be 
given to the brushes, the rotation can be reversed by reversing 
the polarity of either part. In Inunisch^s larger motors, the 
reversing-gear, which is very substantial, removes one pair of 
brushes and puts down at the same diametral points a second 
I)air, reversed in position and polarity. 

The form of brush shown in Fig. 248c, p. 820, is designed by 
Holroyd Smith for motor work, as it allows of rotation in either 
direction. So also do carbon-brushes, such as Fig. 249, p. 321. 
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Another mode of reversing was suggested by the author ^ 
in 1882. It is indicated in Fig. 885. It consists in joining 
one of the brushes to a point half-way along the field-magnet 
coils, which, though connected across the mains as a shunt, 
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must not be of very high resistance. The current in the 
armature can then be reversed by simply switching the 
second brush from one main to the other. This principle is 
used in Maquaire's regulator for arc lamps, but is not suita- 
ble for large motors. 

Government of Motobs. 

It is extremely important that electric motors should be so 
arranged as to run at a uniform speed, no matter what their 
load may be. For example, in driving lathes, and many 
other kinds of machinery, it is essential that the speed should 
be regular, and that the motor should not ^^ race " as soon as 
the stress of the cutting tool is removed. 

InJUrrwptor Gf-ovemor. — One of the earliest attempts to 
secure an automatic regulator of the speed was that of 

1 Specification of Patent, No. 5122 of 1883. 
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M. Marcel Deprez, who in 1878 applied an ingenious method 
of interrupting the current at a perfectly regular rate by intro- 
ducing a vibrating break into the circuit. The motor em- 
ployed had a simple 2-part commutator, whose rotation timed 
itself to the makes-and-breaks of the current. This method 
is, however, inapplicable to large motors. 

Centrifugal Q-avemor. — Another suggestion, equally im- 
practicable on the large scale, was to adopt a centrifugal 
governor to open the circuit whenever the motor exceeded a 
certain speed. A motor so governed runs spasmodically fast 
and slow. 

It is also possible for a centrifugal governor to be employed 
to vary the resistance of a part of the circuit; for example, to 
work an automatic adjustment to shunt part of the current of 
a series machine from its field-magnets, or to introduce ad- 
ditional resistance into the field-magnet coUs of a shunt-wound 




Fio. 886.— Automatic CsinnaFnaAL Governor. 



machine, in proportion as the speed falls. A case is shown 
in Fig. 886, in which a centrifugal governor driven by the 
motor alters the number of exciting coils in the field-magnet 
circuit, causing the magnetism to increase if the motor runs 
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too fast, and so brings down the speed again. This method 
was proposed by Brush, and answers well for motors in series 
in aro-light circuits. 

Periodic Q-ovemor. — Ayrton and Perry proposed several 
forms of " periodic " centrifugal governor, a device by which in 
every revolution power is supplied during a portion of the 
revolution only, the proportion of the time in every revolution 
during which the power is supplied being made to vary 
according to the speed. As the main difficulty with such 
governors is to prevent sparking they are only applicable 
to very small motors. But there is a still more radical defect 
in all centrifugal governors : they all work too late. They do 
not perform their functions until the speed has changed. 

Dynamometric Q-ovemors, — The author devised^ another 
kind of governor which is not open to this objection. He ^ 
proposed to employ a dynamometer on the shaft of the motor 
to actuate a regulating apparatus, consisting, either of a 
periodic regulator to shunt or interrupt the current during a 
portion of each revolution, or of an adjustable resistance con- 
nected in part of the circuit. The dynamometric part may 
take the form of a belt dynamometer (such as Alteneck's) or 
of a pulley dynamometer (such as Morin's or Smith's). In 
the latter case, which is the more convenient, a loose pulley 
runs on the motor shaft and is connected by a spring arrange- 
ment with a fixed pulley. The rotation of the motor will 
drag round the fixed pulley in advance of the loose pulley, and 
the angular advance will be proportional to the torque. The 
amount of such angular advance determines the action of the 
regulating part. The regulator in this case is therefore worked 
not according to the speed of the motor, but according to the 
load it is carrying. Any change in the load will instantly 
act on the dynamometric governor before the speed has time 
to change. If such a governor is purposely over-set it may 
even have the effect of causing the motor to run faster when 
the load comes on than it does when running idle. 

JBlectric Q-oveming, — Another method of governing, not 

> Specification of Patent, No. 1639 of 188S. 



' 



522 Dynamo- Electric Machtnety. 

requiring any rotating parts, has been pi-oposed by the author. 
He uses as field-magnets a double set of poles, set at different 
angles with respect to the brushes of the motor. One pair of 
magnetic poles, haying a certain lead, is actuated by series 
coils, the other pair, having a different lead, by shunt coils 
(see Fig. 265{r). When both shunt and series are working, 
there will, of course, be a resultant pole haying some inter- 
mediate lead. If the load of the motor is diminished it will 
tend to run faster, increasing the current in the shunt part, 
decreasing it in the series part, and therefore altering the 
effective lead and preventing the increase of speed. 

In 1880 a motor was patented by Andi*^ in which the 
field-magnets were wound in two separate circuits, one of 
thick and the other with thin wire, the current dividing 
betwen them, and the armature was connected as a bridge 
across these circuits as the Wheatstone's bridge. Motors 
governed on this principle were constructed about 1884, by 
Lieut. F. J. Sprague; they show remarkably good regulation. 

The method of automatic regulation that is most perfect 
in theory is undoubtedly that of Professors Ayrton and Perry,^ 
and is expounded in the following pages; it results in a 
differential compound winding. 



Thboey op Sblp-oovebninq Motobs. 

In the chapter on Self-regulating Dynamos, on pp. 224 to 
242, were set forth the methods of solving the problem how 
to arrange a dynamo so that it shall feed the circuit with 
electric energy under the condition of a constant pressure, 
when driven at a constant speed. The solution to that problem 
consisted in the employment of certain combinations which 
gave an initial magnetic field due to a shunt coil, and an incre- 
ment to that field dependent on the current that might be 
flowing in the main circuit. 

Now it is not hard to see that this problem may be applied 

1 Jowmal 8oc. Telegr. Engineers, yoL zii., May 1S83 \ see also a later 
paper in FML Moif.^ 1888, 
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conversely, and that motors may be built with a combination 
of arrangements for their field-magnets, sach that, when sup- 
plied with currents under the standard conditions of constant 
pressure in the mains, their speed shall be constant whateyer 
the load. It will be evident, without any numerical calcula- 
tions, that the windings must oppose one another-— one must 
tend to magnetize the field-magnet, the other to demagnetize. 
Take the case of a shunt motor supplied at a constant poten* 
tial S, and running at a certain speed with a certain load. 
If the load is suddenly removed the motor will begin to race, 
its racing will increase the counter electromotive-force devel* 
oped and will partly cut down the armature-current. But the 
decrease of current will not be quite adequate to bring back 
the speed, because of the internal resistance of the armature, 
which has prevented the whole energy of the armature current 
from being utilized as work. A demagnetizing series coil 
wound on the field-magnet will, however, effect what is wanted, 
for then, with any reduction of load, the corresponding re- 
duction of current can take place, the resulting increase in the 
field-magnetism being sufficient to get the required larger 
counter electromotive-force without any increase in speed. 
For constant-current distribution no method of compound 
winding, whether differential or additive, has been found 
satisfactory ; special regulators must be employed. 

The following synoptical table contrasts the arrangements 
for self-regulating generators with those of self-governed 
motors : 



OmBATOB. 

To get ootiJtofii. 

) Steel mai^nets. 
Separate exoltation. 
Shunt oollB. 
+ Beriee-regnUtiiig ooUb. 



I 



MoTcnu 
Tog^ OoMkmt Speed. 

OiYem & contUuiU 

{Steel xnagnetB. 
Separate excitation. 
Shunt foilB. 
— Bertee-regnlatlng ooile. 



In discussing the theory of the self-governed motor, we 
shall follow the same general lines as in discussing the theory 
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of the self-regulating generator, namely, find an equation 
expressing the desired condition of constancy. 

Shunt or Separately-excited Motor with SerieB^egulating 
Coil. — Using the same notation as previously, we have for 
the counter electromotive-force developed in the armature — 

E = nZN; 
also 

E = S — (ra+r«)C. 

Now N ^ tuade up of two parts, viz* : — N i ^^ permanent 
part (which in a shunt motor is equal to j S« Cn where S« is 
the number of windings in the shunt), and another part 
depending on the series coil which we may write q 9^ C, 
where S«» is the number of windings in series and q has the 
same signification as on p. 229, and is equal to 4 ^r divided 
by ten times the sum of the magnetic reluctances. Its value 
therefore depends upon the permeability, and therefore upon 
the degree of saturation of the iron of the magfnetio circuit. 
Reserving this point for further consideration, we may write 

If we had written + instead of — , we should find the 
solution coming out with the negative sign, indicating that 
the windings must be so arranged that tiie current in the 
series coil circulates in the negative or demagnetizing sense. 
We write the negfative sign, however, as we already know that 
this must be so. We also assume at present that there are 
no armature reactions. Substituting the value of ^ in the 
fundamental equation, we have 

E = n(ZNi — ZjS^C); 

and equating this to the other value of E in the second 
equation above, we find 

Having thus obtained an expression for the speed, we 
must examine the various parts of the expression to see which 
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are variable and which constant, and so deduce a relation 
which shall make n constant. Now in both numerator and 
denominator there are two terms^ the first of which is a 
constant, whilst the second of each contains the variable 0. 
A little consideration will show that the fraction cannot have 
a constant value unless the two coefficients of the variable in 
the second terms bear the same ratio to one another as do the 
two constants which stand as the first term ; or n cannot be 
constant unless 

or 

which is the desired equation of condition. 

If this condition be observed (and it will be noted that 
the quantity of series winding required is proportional, as in 
the self-regulating dynamo, to the internal resistance of the 
machine), then the speed will be constant and of the value 

From the first of these relations we see that the speed at 
which the machine is thus governed to run is the same speed 
as that at which, if driven as a generator on open circuit, it 
will yield an electromotive-force equal to that of the supply 
at the mains. When running as an unloaded motor, it ought 
of course to turn so fast as to reduce the current through its 
armature to a minimum, which it can do by running at this 
speed. It is evident that by making the permanent part of 
the magnetism strong enough, the critical speed — that is to 
say, the speed for which the motor is self-governing — may be 
made as low as desired. As the load on the motor is in> 
creased, the flow of current through the armature must be 
increased, and this increased current cannot flow unless 
in some way the counter electromotive-force of the arma- 
ture be diminished. As the speed is to be kept up, this is 
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accomplished by the lowering of the magnetism, which occurs 
in consequence of the increased current flowing through the 
demagnetizing coils. The quantity denoted by 9, which 
depends on the permeability of the iron, may be taken at an 
average value between the two extremes which it has at 
maximum load and at zero load, since in a well-designed 
motor the resistances in the armature-circuit are very small, 
and the efficiency as a whole high, the demagnetizing effect 
of the series coils, even at full load, need only reduce the 
magnetization by a small percentage. Moreover, with the 
backward lead given to the brushes to prevent sparking, the 
armature itself will act partially as a demagnetizing series 
coil, and so compensate for alteration in the permeability. 
The magnetism is a maximum when the motor is running 
empty. When the load is greatest, if the motor is running 
at, say 80 per cent, efficiency, E will be 80 per cent, of S ; that 
is to say, ^ will be 80 per cent, of N^. It is between these 
limits in the magnetization that the value of q must be 
averaged. It is evident from equation [III.] that if the 
motor is already provided with a given series winding, there 
can be found a value of @, for which the condition of self* 
governing can be still fulfilled. In the case of a shunt 
motor, the above equation is capable of further simplification ; 
for we know that § = C,r„ where r. is the resistance of the 
shunt, and W^ = ^ S« C«. Substituting these values in 
[II.] above, we get 

|l:=_?jl_. [IV.] 

which is Ayrton and Perry's rule for the winding of the self- 
governing motor. Motors wound differentially in the propor- 
tion indicated in equation [IV.] are very nearly self-governed. 
Some excellent motors by Sprague were wound according 
to this rule. One very curious property of this method of 
winding is as follows : — Suppose the motor to be standing 
still and the current turned on, the ampere-turns due to the 
shunt will be equal to g S« -r r«, whilst those due to the 
series coil will be g S^ -r- ra X ^m 1 and these, according to 
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equation [IV.], will be equal, and they are of opposite sign. 
There should then be no magnetism excited at alL But if 
there is any lead at the brushes, the magnetizing tendency 
of the armature will come into play ; and if the brushes have 
a considerable negative lead, the effect will be to magnetize 
the field-magnet in the wrong sense, and then the motor starts 
the wrong way. The defect might be remedied by cutting 
out the series coil or reversing it, until the motor has got up 
its speed. The latter course is preferable, as the additional 
torque of the series motor is of great advantage in oyercoming 
the statical resistance to motion experienced at starting. 

It is obvious that the number of shunt-turns should theo- 
retically be such that the motor, driven on open circuit at the 
given speed, shall generate an electromotive-force equal to %. 



Practical Determination of the Shunt and Series Windings. 
As in the case of compound windings of dynamos (p. 238) so for 
motors, the proper windings can be found by simple experiments, 
a temporary coU being wound and separately excited/ and a re- 
sistance equal to the future r^ being added to the armattire resist- 
ance. Two experiments are required. Bun the motor first with 
no load at the brake, using the proper pressure V, and excite the 
temporary coil, observing the number of ampere-turns that are 
needful to bring the speed down to the required n. The number 
of ampere-turns in this case is equal to g. C« , where 0« is the cur- 
rent, which economy dictates should be used in the shunt. Sec- 
ondly, run the motor with the fullest load at the brake, and 
again excite the field-magnet with such a number of ampere* 
turns that the speed is constant at n. From this and the pre- 
vious experiment Sm can be calcidated. 

The efficiency of a differentially-wound motor cannot be 
expected to be quite as high as that of one which is not 
differentially wound, since the energy expended in the former 
case in magnetizing the field-magnets is g^reater relatively to 
the amount of magnetization produced. 

^ It should be pointed out that this process differs from that suggested by 
Professors Ayrton and Perry In their paper on electromotors, In Joumcd 
80c. Teleg. SngineerSy May 1883. Their method depends on the Tolame 
left on the bobbins of the field-magnets, which Is assumed to be constant. 



528 



Dynamo-Electric Mcuhtnery. 



Mechanical Characteristics of Compotjnd 
Differential Motors. 

It may be coavenient here to consider the graphic repre- 
sentation of the regulations between speed and torque in 
motors provided with mixed windings.^ 

The curves for constant-potential supply are shown in Fig. 
337. The letters M and S refer to main circuit windings and 




Fio. 887. 
ICechanioal Charactteristics 
at ck>nstant potential. 



Fia. 888. 

Mechanical CHARAOTERienoB 

WITH Constant Current. 



shunt windings respectively. The forms of the curves for 
mixed windings differ somewhat according to the proportions 
of the two sets of coils. The important case is that of the 
differential winding marked S — M, having a few series turns 
to correct the droop of the pure shunt-winding, and it will be 
noted that up to a certain limit the speed is nearly constant, 
but that there is a maximum value to the torque. In the 
case of constant-current supply, as the curves of Fig. 338 

^ The author is indebted to Frollch'sDteJD^namoeZeirtHdcAeifcMcAinefor 
the carves of motors with mixed windings. Similar corves have been de- 
duced by Rechniewski, see Siances de la Soci6t4 de Physique^ 1885, p, 197. 
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show, the only winding which gives any approximation to a 
constant speed is the differential winding with large shunt and 
small series coil. For, as in the case of the constant-ciuTent 
generator, the variation of the magnetism has to be carried 
through an enormous range, defying any averaging of the 
magnetic permeability. 

An elegant graphic method of treating the problem of self- 
government of motors is given by M. Picou in La JjumHre Else- 
trique, xxiii. 114, 1887. 

Shunt Motor. — It was observed by Mr. Mordey,^ that if 
a pure shunt motor is constructed upon perfect designs — that 
is to say, having very small resistance of armature and very 
large resistance of shunt, and having also field-magnets, which 
are very powerful relatively to the aimature, and an armature 
properly laminated and sectioned so as to reduce eddy-currents 
and self-induction to a minimum — such a shunt dynamo, if 
supplied from mains at a constant potential,wiU run at a nearly 
constant speed whatever the load.^ The slight demagnetizing 
action of the armature when a negative non-sparking lead is 
given to the brushes acts, in fact, instead of any special de- 
magnetizing coil. The following tests showed a constancy 
to within li per cent, for all loads within working limits. 



F6tentiAl at 
Terminals. 


Current 
(amperes). 


Horse-power 
at Brake. 


Revolutions per 
Minute. 


Torque 
(pound-feet). 


68-4 


44 


11 


1125 


515 


68-4 


126 


7-4 


1120 


88-4 


68-4 


165-5 


10-86 


1115 . 


48-8 


68-4 


180 


11-14 


1110 


580 



With a lower electromotive-force the same motor regulated 
almost equally well, but at a lower speed. It was observed 
that, especially when the motor was giving out small horse- 
power, the speed was increased by weakening the field. 

1 See Phil. Mag.^ January, 1886. 

* This might have been foreseen from the equations of p. 526, In which if 
t<a ^ fM B. 0, the condition of regulation will give S» = 0. 
84 
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Other Methods of Chveming Motors. — A further suggestion for 
governing motors is due to Mr. Mordey and Mr. C. Watson. 
They wind the armature with two windings, having separate 
conmiutators. One winding — ^the main one — iB the ordinary 
armature circuit of the motor, and is supplied with current from 
the external source, causing the armature to revolve. The other 
winding, which may be called the regulating armature winding, 
is small in amount, and is disposed over, or sideby side with, the 
main motor- winding. This additional winding is not connected 
to the mains or source of current, but to the field-winding by 
means of a special commutator or collector and brushes. It will 
be observed that this additional axmature-winding, revolving in 
the field, constitutes a generator of current. The regulating 
action is as follows : — ^When a tendency to increase in speed 
results from a diminution of the load, the additional armature- 
winding tends to increase the strength of the field by supplying 
more current to the field-coils, and thus raises the opposing elec- 
tromotive-force of the motor, diminishes the amount of current 
received from the mains, and so reduces the speed to its normal 
rate. Again, an increase of the load, tending to reduce the 
speed, is counteracted by a lessening of the magnetizing current 
produced by the additional winding, a consequent lowering of 
the opposing electromotive-force of the motor, and an increase of 
the current received from the mains. It will be seen that as this 
plan is summative it does not require so great an expenditure of 
energy in the fields as a differential winding ; nor is it open to 
the objection that the motor may start in the wrong direction. 
On the other hand, it has the drawback of requiring an additional 
commutator. The method has given very good results. 

A possible mode of governing constant-current motors is by 
providing a variable magnetic shunt, in the converse of the 
manner suggested by Trotter for constant-current generators. 
Various other modes ^ of controlling the speed by altering the 
magnetism have been suggested, but few of them are automatic 
or reliable. 

^ See a most Interesting and f uUy illustrated paper by F. B. Crocker la 
ElecMcal World, ziii. 811, 1889. 
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CHAPTER XXL 

HODSBN FOBHS OF GONTTNTTOUS-OUBBENT HOTOBS. 

Almost any good modem dynamo (independently excited, 
shunt wound, or compound wound) will serve as a motor on 
mains supplied at the proper pressure ; but attention has to 
be paid to the setting of the brushes that it may run rightly, 
and the machine so used must be one that will give the 
proper voltage at the proper speed. In designing motors 
precisely the same principles hold good ^ as obtain for design- 
ing generators ; for the same features, namely, low internal 
resistance, powerful field-magnets, and proper elimination of 
eddy-currents, which go to make a good generator, also apply 
to the making of a good motor. For example : suppose it is 
desired to design a 10 H.P. motor to run at 500 revolutions 
per minute, when supplied from 200 volt mains. Now 10 H.P. 
is 7460 watts ; a motor to give out actually 7460 must be 
allowed to absorb (at 85 per cent, nett efficiency) 8776 watts. 
Further, if its electrical efficiency is to be, say 90 per cent., it 
must generate 180 volts of counter electromotive-force. 
Dividing 8776 watts by 180 volts we find 48*75 amperes as 
the current it must take at normal load. If, therefore, we 
simply set to work to design a dynamo with good powerful 
field-magnets capable of generating 50 amperes at 180 volts^ 
at a speed of 500 revolutions per minute, we shall have 
obtained what we wanted. 

Snell has given the following rules for expressing the 

actual H.P. which maybe safely and continuously taken from 

continuous-current motors : 

Bing armatnres, S-pole ; H.P. =0-00001 X < <i' n, 
Dram annatnres, 2-pole ; H.P. = 0*000015 y^\eL^n\ 

> For diBCussion of the subject of motor design, see a paper by Snell In ThA 
JRectHcton, xzU. 818 and 408, 1880 ; also /014m, Inst. JRsctr. JRi^liifsrs, 
180t 
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wheie I is length of armature and A its diameter, in inchei, 
and n the revolutioos per minute. 

It might be supposed from the opening statement that 
any description of motors was superfluous. There are, how 
ever, certaiu special forms of machine that have come into 
notice as motors, and are, therefore, described here. 

Amongst the motors 'which were at one time in commerce 
were special forms by Ayrton and Perry, with a fixed external 
ring armature and an internal revolving field-magnet. They 
possessed the structural defect of possessing too weak a 
field-maguet to enable them to ruu sparklessly, and though 
remarkably compact and convenient, fell into disuse. These 
motors were illustrated in the earliest editions of this book. 
A little later excellent forms up to several horse-power were 
constructed by Eeckenzaun, Immiach and others, which were 



Fio. S39.— Imusch's Uotoe (Section). 

also noticed in former editions. Reckenzaun conceived the 
useful notion of winding the magnets of a series motor for 
traction purposes with two, or in some cases three, coils on 
each limb, which might be put in parallel or series so as to 
vary the exciting power and permit of obtaining the different 
rates of speed and power required in tramway work without 
resorting to artificial resistances, and also of obtaining a 
great torque in starting, when all the coils are in series. 

Immisch's motors were amongst the first in England to 
be well and mechanically constructed. The armature cores 
were built up of insulated disks, having at the ends, and at 
intervals, thicker disks provided with projecting driving, 
teeth, all the disks being securely keyed to the shaft. The 
windings were insulated with Willesden paper protected with 
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india-rubber yarnish. In the commuting arrangements special 
means were taken to cut out the coils as they reach the neutitd 
point; the effect, according to the inventor, being to diminish 
cross-magnetizing influences and obviate changes of lead. 

In Immisch motors carbon brushes, Fig. 249, p. 821, are 
used. The mode of driving the core-disks of the large 
machines is shown in Fig. 224, p. 294. 

A 80-H.P. motor, designed by Mr. A. T. Snell, for mining 
purposes,^ weighing 850 kilogrammes, gave the following 
results: — 



Berolutions 
per Minute. 


Volta. 


Amperes. 


B.H.P. 
absorbed. 


H.P. 
gfrenout. 


Effldenoy. 


660 
680 
675 


500 
600 
600 


49 
48 
49 


88 

82-2 

88 


29*8 
29-5 
29-5 


-90 
•91 
•89 



A number of firms — ^for example, Messrs. Cuttriss of 
Leeds, M. Trouv^ of Paris, and Messrs. Crocker and Wheeler, 
in New Jersey — ^have made a speciality of small motors for 
driving fans, lathes and other light running machinery. 

All large firms who construct continuous-current dynamos, 
furnish them also as motors, in some cases making special 
patterns, the only difference being that a machine designed 
for a motor usually has the field-magnet carried to a rather 
higher degree of saturation, and made relatively more 
powerful than in the corresponding size of dynamo. If two 
machines are to be used together as generator and motor, the 
former being driven at a constant speed, the latter will not 
run at a constant speed at all loads if they are of identical 
construction, for the voltage given to the motor falls as the 
current in the line increases. To make the motor run at 
constant speed it should be wound with fewer armature con- 
ductors in proportion precisely to the efficiency contemplated. 

^ See notes by Mr. Snell on Electrical Work in Mines, in Proc. South 
Wales Institute of Engineers^ Jnly 27, 1891. Also lecture on Elecirieity in 
JffiTl^ing^ by author of this book, published by Messrs. Spon^ 
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Table of Data of SPRAaxjB Motobb. 
(The fignies in the first column refer to dimensionB indicated in Fig. W^ 



Motor H.P. 




Total bdght 
He^tofbed^plate 
Len£di of bed-plate 
Width of bed-plate 
Height of core-seat 
iHam. of core-s^t 
Length of core 
Dtain. of core 
Beftreen core-centres 
Dtam. over winding 
Height 4>f keeper 
Width of keeper 
Length of keeper 
Length bf field •• 
Bore of field 
End thickness, pole- 
piece « .. 

Space between pole-tips 
Block to tidds (comm. 

end) •• <•• 
Block to fields (pallet 

end).« •• 
Length, pillow-block 

scat •• •• ••' •• 

Width, pillow .block 

seat'** 

Height of pillow-block 
Length of pillow-block 
Between sbaA shoulders 
Diam. of pulley .r 
Face of puUev •« 
Length of hub •• 
Betweencentre of motor 

ai^d centre of pulley 
Length of core bolts .. 
I^am. of core bolts 
Diam. of core d»ks 
Diam. of armature 
Armatme conductors 

(at iiOTolts) 
Ancatnre conductors 

(aksjaTolts) •• .. 
Armaturo conductors 

'(at440Tolts) 
Segments in commuta-\ 

tor .. .*. ♦. ../ 
B in eoce dh^ 
N(usefiil)m^galtnes.. 
Total ampere-'tuma 
Revolutions per miiia 



n 
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For instance if the electrical efficiency of the transmission 
is to be 85 per cent, the motor armature should have 85 
per cent, of the number of conductors that there are in the 
generator armature. As an example see Brown's 240 H.P. 
motor mentioned on p. 412. 

Spr(igue^% Motors* — Several firms have made a speciality 
of motor work. Amongst American engineers, Lieut. F. J. 
Sprague was early in the field with several forms of motor of 
excellent design and construction ; many hundreds of them 
were in use in the States for lifts, machine tools, and the like, 
until his firm was amalgamated with the Edison Co., after 
which time the Edison bipolar dynamo was substituted. 
One form of these machines, resembling the *^ Manchester " 
type of dynamo, is shown in Fig. 340. Sprague's method 
of winding the field-magnets with a differential compound 
winding is identical with that invented in 1883 by Ayrton 
and Perry, depending upon the use of a coil in series with the 
armature to demagnetize and weaken the field.^ Many other 
ingenious methods of governing and practical applications 
have been worked out by Sprague. The reference numbers 
given in Fig. 840 relate to the statistics given in the accom- 
panying table, from which the relative sizes of a well-worked- 
out line of machines can be learned. For further details the 
reader is referred to the accounts published in the technical 

press.^ 

Crocker and Wheeler'^ Motors. — Another American firm 
that has been very successful with motors, particularly in 
small sizes, is that of Crocker and Wheeler, of Ampere, N.J. 

Fig. 841 gives a general view of the bipolar motor of this 
firm. The magnet limbs are stamped in one piece out of 
wrought iron or mild steel, and set firmly in the cast-iron bed. 
The armature is built up of toothed core plates (see Fig. 212, 
p. 287) and ring wound, the finished armature being repre- 
sented in Fig. 842. A starting gear is usually provided with 

1 See Specifications of British Patente, Nos. 16,768 of 1884, and 8624 of 188^ 
« JSUcMcaX TTorW, October 1886 ; also Martin and Wetzler's treatise on 

Tht ^«ctr<c Motor, 167-76 ; and ^cctrlca( FoWd, zi^^ 3, 1889 ; xr, 370» 

1^ \ al09 ^ec(ricia?i, xxiv. 248, 1890. 
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these motois, conaisUng of a switch, with resistances, so 
anangfld that the field-magnet is first excited, the armature 
tlien thrown into circuit with a resistance which, when the 
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motor acquires speed is cut out by a further movement of the 
starting switch. For use in arc-light circuits ' a centrifugal 
govemor is added to the stiafL For sizes up to 10 U.P. the 



Fia. 8ti.— AmuTDBS or Cboceee-Weeelxb Hotok. 

Inpolar type is used, but for large sizes 4-pole designs of the 

type of Fig. 278 are preferred. 

The following table gives some statistics about tbese 

maohines. 

For further accounts of the Crocker-Wheeler motors, and 
1 For tome ftcconnts of motora for constant-coReiit circuits, see £I<o- 

Meal WatXi. xv. 269, 189D; xrU, UOaod ISO, 1891 ; also Jtectrie ion, xxv. 

H, 45 and 181,1890. 
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Crocker- Wheeler Motors. 















Output. 


ReToIutioDS 

per 

Minute. 


Weight, 
Lbs. 


Dlam., 
Inchea. 


Com- 
mutator 
Fftrts. 


Core 
Teeth. 


Bipolar. 












n 


1900 


17 


8 


12 







1800 


26 


8-601 


16 


8 




1400 


70 


4-75 


24 


12 




1250 


106 


5*625 


24 


12 




1000 


201 


7 


82 


16 


2 


1000 


281 


7-75 


48 


24 


8 


950 


864 


8-75 


48 


24 


6 


950 


590 


9-187 


56 


28 


10 


875 


1065 


11 


'66 


28 


Four-Pole 












15 


850 


1460 


11 


109 


61 


80 


750 


2800 


15 


110 


55 



their application to driving workshop tools, the reader is 
referred to the technical journals.^ 

A.E.Q', Motors. — In Germany the Allgemeine Elektri- 
citats Gesellschaft has made a specialty of small motors, 
both for continuous current and alternating. Their typical 
form up to 12 H.P. is shown in Fig. 348. For larger out- 
puts 4-pole and 6-pole machines are used. This company 
has long systematized its manufactures. The following table 
includes the usual sizes. 



H.P. 


A 


\ 


i 


i 


1 


1-5 


2 5 


4 


6 


10 


20 


80 


40 


60 


90 


Revs, per \ 
minute. \ 


1600 


1100 


2100 


1900 


1650 


1480 


1270 


1100 


1020 


985 


850 


720 


650 


600 


460 


Total wt., \ 
kilos. f 


80-5 


50-5 


55 


76 


120 


220 


355 


385 


520 


825 


1820 


2870 


2980 


4100 


4760 


Ampered at } 
105 volts. \ 


1-8 


2-5 


2-9 


6-0 


9-6 


14*4 


1 
22-2 84*8 50-8 


82-9 

• 


170 


256 


855 


510 


700 



1 See Engineering^ xliv. 83, 1887 ; also Electrical World, ix. 4, 9 and 
203 ; xili. 809, 1889 ; xv. 114, 269 and 870, 1890 ; xvii. 130, 191. Also see 
Professor Crocker's book, entitled ' Practical Management of Dynamos and 
Motors,' and a series of papers by Professor Crocker in Elec. Engineer 
(N. T.), 1891 and 1892. 
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Oooldeti'B J^ninff Motor. — Mr. Atkinson has designed for 
Messrs. Goolden & Co. a mining motor of the simple bipolar 
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Fig. 8M.— Oooldbn ENCLoecD Ibrnm Uxukm. 
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type, with special adaptations for use in coal-mines ; ^ the 
moving parts being enclosed so that all possibility is removed 
of a spark at the brushes causing an explosion. As shown 
in Pig. 844, the commutator and brushes, which are of carbon, 
are completely boxed in. 

Sayer%^ Mining Motor. — ^An entirely-enclosed mining 
motor, having fixed brushes and compensating armature on 
Sayers* design, has been introduced by Messrs. Mavor and 
Coulson. Fig. 345, which gives a section of this machine, 
shows the position of the auxiliary poles P^, the use of which 
was described on p. 896. A 80-kilowatt motor, running at 

700 revolutions per 
minute, weighs 8782 
lbs. complete. The 
core-disks are deeply 
slotted with 4 main 
conductors and 8 com- 
muting conductors in 
each of the 108 slots. 
The armature body is 
9 J inches long, and 17 J 
in diameter. 

Mectric Locomotive 
Motors. — Many motors 
have been designed for 
propelling tramcars and 
for electric railways; 
the points that invent- 
ors have chiefly con- 
sidered being strong 
mechanical design of armature, slow speed with or without 
gearing, and construction that will resist deterioration, by 
water, mud, dust, or overheating. Owing to the enormous 
rush of current just at starting, the armature must be capable 
of enduring the severest torque, and be practically fireproof 
as well as waterproof. For tramcar driving a single-reduction 

1 See the author's Electricity in Mining, p. 38, for descrlptioni of electric 
coal-cutters and other mining appliances. 
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gear haa found general favor, but for heavy rulroad work 
all gearings for Bpeediag down have gradually fallen into 
diafavor, directKlriving slow-epeed forms being more re- 
liable. All this implies the employment of tnotota with 
relatively powerful field-magneta. Thia is not the place to 
enter on a detailed account of electric locomotion in general, 
or to describe any of the hundreds of electric tramways and 
railways now running. Suffice it to say that the lighter 
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street-tramway systems have developed to an enormous 
extent in the United States, where alone more than 10,000 
miles of electric street lines are at work, mostly with an over- 
head trolley-system of supplying current to the cars. The 
usual pressure is 500 volts. Generators suitable for such sys- 
tems are described on p. 43S. With respect to the motors, 
apart from the difficulties arising from damp, dirt and 
vibration, the main difficulty lies in designing the magnet, 
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which must be both powerful and very compact. An early 
form used in the States resembled No. 82, Fig. 103, p. 168, 
but inverted.^ More modern forms have four poles with very 
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short cores, vith an arrangemeDt for hiagmg the yoke-frame 
in two parte as shown iu Fig. 846. The armatures of these 
motors are those represeated in Fig. 217 in act of being wound. 
Fig. 847 gives other views of motor armature construction, 
aad on p. 542 are given graphically the resulte of some t«st8 
of a 30 H.P. Btreel>car motor of the Westinghouse Company 
when supplied at 500 volte. . It will be seen Uiat the efficiency 
is dose to 80 per cent. In the table on p. 543 are given 



Flo. 847.— ASIIATDBES IN PbOOESS OF CONSTBUCnOH. 

some data respecting another test of the same motor whea 
run at 450 volte. 

For tramway work Messrs. Mather and Piatt make a 
standard type of single-reduction geared motor, aa shown ia 
Fig. 348, one-twelfth actual size. It is a Gramme armature, 
with single magnetic circuit steel m^nete, suspended at or 
about their centre of gravity by a free suspension and carried 
on the other end by bearings on the axle. The armature is 
completely enclosed by casing, and the gear is of steel with teeth 
cut from the solid, the ratio vaiying from 8 : 1 to 4'5 : 1. 

Seavy Railway Locomotive Motors. — In Plate XX. ig 
given a sketch of the electiic locomotive of the City and 
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South London snbway railway, with two 50 H.P. motora 
designed by Dr. E. Hopkinson and constructed by Messrs. 
Ma^er and Flatt. Each locomotive weighs about 10 tons, 
exerts 100 H.P., and can run over 25 miles per hour. They 
are series-wound, and run with magnets nearly saturated. The 
tractive effort with 100 amperes is 1180 Ihs., with 226 amperes 
8000 lbs. Fourteen of these locomotives are now running, 
and also two others by Siemens of a pattern in which tlie 
field-magneta are relatively more powerful, enabling the 




Flo. 848.^Uatbeb Ajn> Platt's SniaLB-REDucnoN Motob. 



armature to give the requisite torque with less current. All 
the fourteen locomotives supplied by Mather and Pktt are 
still at work, having been in service since 1890, and having 
each ran during that time on an average 120,000 miles. The 
principle of constructing the armature directly on the axle, 
which Dr. Hopkinson Introduced for the first time on this 
line, has been followed in all cases where large powers at 
comparatively high speeds have been required, on account of 
its simplicity, efficiency and the small amount of wear and 
35 
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tear. A smaller example is afforded by the 20 H.P. motor 
used in the Bessbrook Tramway, described by Dr. Hopkinson,^ 
which ran at 1000 revolutions per minute, taking 100 amperes 
at 220 Yolts. It was series-wound, the resistance of armature 
being 0*112 ohm, and of magnet 0*118 ohm. The nett 
efficiency was over 90 per cent. This motor is reversed by 
simply reversing current in the armature.^ 

A still larger example of solid railway work is afforded by 
the Liverpool Overhead Bailway,' the electiical machinery of 
which was built by the Electric Construction Corporation. 

The largest electric locomotives yet made^ are those 
designed by the General Electric Company of Schenectady, 
for the Baltimore and Ohio Railroad. Each locomotive 
weighs 95 tons, and has on it four motors each of 400 H.P. 
They are operated at 600 volts, and exert their maximum pull 
of 47,500 lbs. when running at 15 miles per hour, the current 
then being 2700 amperes. The motors, of the 6-pole type, 
»e grouped two in series. The generating station will con- 
tain four 10-pole 500 kilowatt direct-driven dynamos over- 
compounded from 600 to 700 volts. 

Puhating motors, — The early tjrpe adopted by Page, 
Hjorth and others, with a reciprocating movement, has been 
revived in recent years for motors for the special purposes of 
operating hammers or drills. In 1879, Werner von Siemens ' 
produced a mining drill in which a continuous current and 
an alternating current of slow period were combined to pro- 
duce a reciprocating movement without a commutator. In 
1880 Marcel Deprez ® designed an electric hammer for forging, 
having a plunger of iron to be drawn up and down in a cylin- 
drical coil wound in sections, into which the current was suc- 
cessively led by a commutator. Atkinson has lately designed 
a pulsating motor of remarkable novelty for mining drills. 

^Proe, Inst, Civil Engineers, xci, part L, 1887-S. 
' For a full d«8cription, see Bailway World, August 1808. 
' See paper by J. H. Greathead, before Iron and Steel Institute^ Liverpool^ 
Sept. 20, 1S92. See also JElec. Beffiew, zzzli. 151. 

* See Engineering, July 19, 1806. 

* D.B. Patent, No. 9400 of 1879 (see toI. ii. 389 of Siemena' Arbetten), 

* La Xumftre £lectrique, iz. 44, 1883. 
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CHAPTER XXn. 

THB PBINCIPLBS OF ALTSBKATB 0X7BBBNTB. 

Ik alternate-current working the current is rapidly reyeised, 
rising and falling in a succession of pulses or waves. 
Electricity is in fact oscillating backwards and forwards 
through the line with enormous rapidity, under the influence 
of a rapidly-reversing electromotive-force. The adjectives 
altemate^ o%cillatory^ periodic undvlatory^ and harmanie have all 
been used to describe such currents. The author would prefer 
the term wave-<urrenU as being both shorter and more apposite. 
The properties of alternate currents differ somewhat from 
those of continuous currents. They are affected not only by 
the resistance of the circuit but also by the magnetic reaction 
commonly called self-induction or inductance ; the inductance 
of the circuit having a choking effect on the alternating cur- 
rents, diminishing the amplitude of the waves, retarding their 
phase and smoothing down their ripples. They are also affected 
by the capacity or condenser action of the circuit. If a con- 
denser is placed in an electric circuit, it completely blocks the 
flow for continuous currents ; but alternating currents can 
oscillate into and out of its electrodes as though the condenser 
allowed them to pass through. On account of these peculiarities 
some preliminary account of alternating currents is needed. 

If a coil of suitable form is placed, as in Fig. 850, between 
the poles of a magnet, and spun around a longitudinal axis, it 
will have currents generated in it which at each semi-revolu- 
tion die away and then reverse. In the figure the coil of wire 
is supposed to be so spun that the upper portion comes 
towards the observer. In that case, the arrows show the direc- 
tion of the induced currents delivered to the circuit through 
the agency of two contact rings (or slip-rings) conneoted 



548 



Dynamo-EUctric Machine^. 



respecttvely to the ends of the coil. In the positioQ Bhown, 
the CQirent will be delivered to the left-hand ring, and retains 
from the ciicuit to the right^iand ring ; but h^ a tam later 
it will be flowing to the 
. right-hand ring and re- 
tnmiiig from the circuit 
back to the left-hand 
ring- Fig. 350 is, infact* 
aprimitive form of alter- 
nator, generating a sim- 
ple periodicalljrevened 
or alternating conent • 
and ia, in fact, the kind 
of alternator known as a 
*' magneto-ringer," used 
Fio- 850. for bell service in tele- 

phone sets. The simple 
revolving coil, by cutting the lines of the magnetic field, sets 
np periodic electromotive-forces, which change at every 
half-turn, giving rise to alternate currents. In each whole 
revolution there will be an electromotive-force, which rises 
to a maximum and then dies away, followed immediately 




by a reversed electromotive-force, which also giMM to a 
maximum and then dies away. The wavo-fcnU depicted 
ip Fig. 851 a«v» to illustrate this. ThffMght« q( Uiq 
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curve above the horizontal line represent the momentary 
values of the electromotive-forces ; the depths below, in the 
second half of the curve, represent the inverse electro- 
motive-forces that succeed them. Each such complete 
set of operations is called a period^ and the number of 
periods accomplished in a second is called ^q frequency or 
periodicity of the alternations, and is symbolized by the 
letter n. In 2-pole machines n is the same as the number 
of revolutions per second ; but in multipolar machines n is 
greater, in proportion to the number of pairs of poles. 
Thus, in an 8-pole field with four north poles and four south 
poles around a centre there will be produced four complete 
periods in one revolution, If the machine revolves 15 times 
a second (or 900 times a minute) there wiU be 60 periods 
a second, or the periodicity will be 60. By revolving in a 
uniform field the electromotive forces set up are proportional 
to the sine of the angle through which the coil has turned 
from the position in which it lay across the field. If in this 
position the flux of magnetic lines through it were N) <^d the 
number of spirals in the coil that enclose the ^ lines be 
called S, then, as was shown on p. 173, the value of the in- 
duced electromotive-force at any time t when the coil has 
turned^ through angle ^=2 n nt will be 

E(9 = 2^nS Nsin^-^- 10«, 

or, writing D f or 2 tt n S N / 10^» we have 

E^ = D sin B. 

In actual machines the magnetic fields are not uniform, 
nor the coils simple loops, so the periodic rise and fall of the 
electromotive-forces will not necessarily follow a simple sine 
law. The f oim of the impressed waves will depend on the shape 

1 If n is the number of reyolutlons per second, 2 ir n will be the total angle 
(in radians) turned through in one second. Hence, the angle turned through 
(which we call Q, in any short time t will be equal to t times 2 irn. For 
example, If n ^ 15, 2 ir n=94'2 radians per second, and during, say one- 
Qi^htieth of 1 second^ thQ angle ^asse^ oy^ wiU b^ VX8 radians, or HibQui^ 67^^ 
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of the polar faces, and on the form and breadth of the coils. 
But in most cases we are sufficiently justified in assuming 
that the impressed electromotive-force follows a sine law, so 
that the value at any instant may be expressed in the above 
form, where D is the maximum value or amplitude attained 
by E, and ^ an angle of p%a«« upon an imaginary circle of 
reference. As diagrams of lines revolving around a centre are 
much used in explaining alternate-current actions, the follow- 
ing explanation ^ should be most carefully followed. Consider 
a point P revolving clockwise round a circle (Fig. 851). If the 
radius of this circle be taken as unity, P M will be the sine of 
the angle 9, as measured from 0^. Let the circle be divided 
into any number of equal angles, and let the sines be drawn 
similarly from each. Then let these sines be plotted out at 
equal distances apart along the horizontal line, as in Fig. 851, 
giving us the sine curve. 

Now, the use that we make of this diagram is this. We 
know that as time goes on, the value of the electromotive- 
force is changing from instant to instant. To find its value 
at any particular instant, we treat time as if it were an ever- 
increasing angle; we take the number of seconds or the 
fraction of a second, that has elapsed since a certain instant t^ 
(when the electromotive force was zero), and multiply it by 
2 irn, then considering this as an angle expressed in radians, 
the sine of this angle multiplied by'D gives us in volts the 
electromotive-force for the particular instant. It will therefore 
be seen that the point P, in revolving uniformly round the 
circle in Fig. 851, represents the lapse of time. If we consider 
it revolving at such a speed that it passes through 2 ?r n radians 
in one second, then the perpendicular P M represents (to some 
scale or other) the electromotive-force at any particular 
instant. Now taking the horizontal line O^'-SGO** to repre- 
sent time (to some convenient scale), it is evident that after 
the lapse of the time measured by the distance from 0^ to M 
the electromotive-force has the value M P ; and in the same 
way, at any other instant, the electromotive-force is repre- 

^ Those who are not familiar with the problems of simple-harmonic motions 
should consult some modem treatise of theoretical mechanics on the subject. 
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sented by the perpendicular drawn from that point in the line 
which represents the instant to the sine curve shown in the 
figure. In Fig. 861, one revolution of P around the circle of 
reference corresponds to one complete alternation or cycle 
of changes. The value of the electromotive-force (which 
varies between + D and — D as its maximum values) may 
be represented at any moment either by the sine P M or by 
projecting P on to the vertical diameter, giving O Q. As 
P revolves, the point Q will oscillate along the diameter. 
We may, therefore, without drawing our sine curve at all, 
merely consider a line O P (drawn to some scale to represent 
D) as revolving round O, and take its projection O Q at any 
instant as the electromotive-force. Such a diagram is known 
as a dock diagram. 

The currents which result 
from these periodic or alter- 
nating electromotive-forces 
are idso periodic and alter- 
nating; they increase to a 
maximum, then die away and 
reverse in direction, increase, 
die away, and then reverse 
back again. If the electro- 
motive-force completes 100 
such cycles or reversals in 
a second, so also will the 
current. 

There is yet another way of representing periodic varisr 
tions of this kind — namely, by a diagram akin to that used 
by Zeuner for valve-gears. Let the outer circle (Fig. 852) be 
as before a circle of reference around which P revolves. Upon 
each of the vertical radii describe a circle. Then the lengths 
such as O Q, cut off from the radii, represent the correspond- 
ing values of the sine of the angle. If a cai*d with a narrow 
slit cut radially in it were made to reyolve over this figure, 
the intersection with the two inner circles would show the 
vai-ying electromotive-forces in various positions. 

The reader who desires to pursue the graphic study of 
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these matters further should consult the excellent treatise of 
Prof. Fleming,^ or that of Mr, Blakesley,^ and sundry papers 
by Mr. Kapp.' Bedell and Crehoi-e,* devote a whole chapter 
to the subject. In the case of real machines in which the 
magnetic fields are not uniform, nor the coils simple loops, 
the periodic rise and fall of the electromotive-forces will not 
necessarily follow a simple sine law. The form of the 
impressed waves will depend upon the shape of the j)olar faces, 
and on the form and breadth of the coils. Consider the case, 
of a machine in which the field-magnets consist of a double 
crown of opposing poles (as in the machines of Siemens, 
Ferranti, Mordey, etc.). If the armature coils and magnet 
cores are both of circular form, and equal in diameter, as the 
coils approach the polar ends of the cores they will,.it is true, 
gradually enter the field, and the number of lines cut by the 
coil during equal displacements will gradually increase and 
become a maximum when the axis of coil and core coincides, 
and from that point it will again decrease, almost in a sine 
law ; the greatest rate of cutting being when the edge of the 
coil is opposite the centre of the core ; but if coil and core be 
rectangular in outline, the greatest rate of cutting in eaxsh wire 
will be when one edge of the coil is passing the edge of the 
pole. In this case the sine law cannot be true for the electro- 
motive force. In order to test whether in any given dynamo 
the rise and fall of electromotive-force and of current in the 
armature coils conforms to the law of sines, experiments are 
necessary. Joubei*t, in order to measure the currents of a 
Siemens dynamo, employed an electrometer method, and 
took off the current at any desired phase by a special com- 
mutator, and found an approximate curve of sines.^ Another 

1 Fleming, The Alternate Current Traw^ormer^ London, 1889. Also a 
paper on Polar Diagrams, MectriciaTi^ xzzv. 48. 

* Blakesley, Alternating Currents of Electricity^ London, 1889. 

* Kapp on ** Alternate Current Machinery,*' Proc. Inst. Civil Engineers^ 
1889, pt. iii. * Bedell and Crehore, Alternating Currents, London, 1893. 

* For references as to modem varieties of this method see p. 712. During 
recent years many experimental methods have been given for determining the 
shape of the curve followed by the variations of alternating electromotive- 
forces and currents. The reader should consult the methods pursued by Ryan, 
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FlO. 858.— CUBTES OF 
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method, applicable also to direct-current machines, due to 
Mr. Mordey, is described. 

In Fig. 868 are given four curves for a half-period. Of 
these one is a sine-curve, the other three from actual alter- 
nators, showing how nearly they agree with a true sine-curve. 
The one which agrees most 
nearly is that of the Mordey 
alternator, which lies just 
within the sine-curve nearly 
throughout its whole extent. 
The curve is usually more 
peaked in machines which 
have the coils sunk between 
iron teeth and have much 
armature-reaction. In the 
Niagara generators they are, 
on the contrary, rather flatter- 
tapped and broader than true 
sine-curves. We are then 

sufficiently justified in assuming that the impressed electro- 
motive-force follows a sine law. 

** Virtual ** VolU and Amperes. — Alternate current volt- 
meters and alternate-current amperemeters do not measure 

Amer. Inst. Elec. Engineers^ 1888 and 1889 ; also Electrician^ xxiv^ 268, 
1800 ; Bedell, Miller and Wagner, Amer, Inst. Elec, Engineers^ z. p. 600 ; 
Fleming, Electrician, xxxiv. 480, 507, 1895 ; L. Duncan, ibid. 617 ; Hicks, 
ft<d. 608. Fleming's method is applicable to determine the form of the 
cnrrent curve at any part of a circuit. See also a paper by Barr, Bumie 
and Rodgers, Electrician, xxxv. 719. 

Some controversy arose in the columns of the Electrician and of the 
Electrical World, in the autumn of 1894, as to whether there was any ad- 
vantage in alternators giving a sine-curve. Fleming has since found that 
certain transformers worked with a distinctly higher efficiency when oper- 
ated by an alternator giving a peaked curve than when operated by one 
giving a nearly pure sine-curve for the electromotive-force. On the other 
hand, this form appears to be undesirable for motor-running. As a matter 
of fact, the form of the current curve depends, not only on the construction 
of the alternator, but also upon the modifying Influences of capacity and 
lelf-induction In the circuit. The presence, in the circuit, of transformers 
with iron cores and of motors will modify the curve ; and the modification 
will specially depend on the degree of saturation to which the iron cores are 
carried at each cycle. A paper by Barr, Beeton and Taylor, in the JSIec- 
IHciaii, zzxv. 267, 286, is of great importance. 
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the arithmetical average values of the volts and of the amperes. 
They measure what are called virtual volts and virtual ampere%. 
In a Cardew voltmeter the heating of the wire depends on 
the square of the current. In an electro-dynamometer the 
torque depends at every instant on the product of the 
currents in the fixed and movable parts; therefore, when 
used as an amperemeter, depends on the square of the current. 
The attraction (or repulsion) in electrostatic voltmeters is 
proportional to the square of the volts. The readings which 
these instruments give us, if first calibrated by using steady 
currents, are not true means, but are the square roots of the 
means of the squares. Now the mean ^ of the squares of the 
sine (taken over either one quadrant or a whole circle) is i ; 
hence the square-root-of-mean-square value of the sine 
functions is got by multiplying their maximum value by 

1 -=- 4/ 2, or by 0-707. But^ the arithmetical mean of the 
values of the sine is 0*637. Hence an alternating current, if 
it obey the sine law, will produce a heating effect greater 
than that of a steady current of the same average strength, by 
the ratio of 0-707 to 0-687 ; i, e. about 1-1 times greater. If 
a Cardew voltmeter is placed on an alternating circuit in 
which the volts are oscillating between maxima of + 100 and 
- 100 volts, it will read 70-7 volts, though the arithmetical 
meaXi is i-eally only 63-7 ; and 70*7 steady volts would be 
required to produce an equal reading. 
The term virtual^ has been used to denote these square- 

1 See prootf, p. 65S. 
s Or more strictly 

IT 2 

whence, if 9 b . , the average is - , 

2 ^ 

' I adhere to the term %irtual^ which was in use before the term ^fflcacB 
which was recommended in 1889 by the Paris Congress to denote the square- 
root-of-mean-square value. I adhere to it mainly because the adjective 
effective is required in its usual meaning in kinematics to represent the re- 
solved part of a force which acts obliquely to the line of motion, the effect- 
i^^e force being the whole force multiplied by the cosine of the an^e at 
u liich it acts with respect to the direction of motion. 
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"^ootrof-mean-square values. If an alternate-current ampere- 
meter reads 100 amperes, that means that the current really 
rises to + 141-4 amperes and then reverses to — 141*4 
amperes ; but the heating effect and the amount of power 
delivered are the same as if the current were 100 continuous 
amperes, and therefore such a current would be described as 
100 virtual amperes. 

It may be remarked in passing that the virtual electro- 
motive-force of a dynamo wound for alternate currents will 
therefore be 1-1 times higher (compare p. 589) than that of 
the same dynamo wound as a continuous-current djmamo of 
the same current-carrying capacity; or will be 2*2 times 
higher if, while the same wire is used, the alternator is not 
re-entrant, but forms a single circuit. 

The distinction between virtual and maximum values is 
important since certain effects — for example the tendency to 
pierce insulation with a spark — depend on maximum, not on 
virtual values. For example, if an electrostatic voltmeter 
reads 10,000 volts ; the maximum value (supposing the law 
of variation a sine law) will be 14,142 volts. If the curve is 
more peaked than that of the sine curve, the maximum will 
be higher. 

TJ^e of Clock Diagrams. — In these polar diagrams the 
amperes or the volts that are undergoing periodic cycles of 
change are represented by thjd projection on some given line 
(in this book, the projection on a vertical line is taken) of a 
line supposed to revolve about a centre. Such diagrams are 
of so frequent use in the study of alternating currents that a 
few further points about them are given. 

Differences of phase are in the clock diagi*am represented 
by differences of angular position. For example, if two 
revolving pointers O V and O C (Fig. 864) are going round 
at the same rate, but always one a little behind the other, 
they will not come to their respective maximum at the same 
instant. Projecting them upon the vertical line we see th^t 
at the moment when O V has revolved so far that the angle of 
position is 0^ its projection will have the value O v ; while 
the other pointer, which lags behind by an amount measured 
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by the angle ^ (=y O C), has for its value as projected, the 
length O c. When O v gets to its maximum (that is when 
y arrives at the top), O c will still be behindhand. The 
values of the two projections are O t; = O V . sin ^ ; and 
O <? = O C . sin (^ — 0). The angle ^ is the difference of phase. 
To add together two different alternating quantities — ^for 
instance two electromotive-forces — ^that have the same period, 
it is not sufficient simply to add their numerical values. 
For instance, if there are two coils in series in a circuit in one 
of which there is being induced an alternating electromotive- 
force of 40 volts, and in the other an alternating electro- 
motive-force of 80 volts (both having, let us say, the same 
frequency of 100 periods per second), the total electromotive- 
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Fig. 865. 



force will not be 70 volts unless the two electromotive-forces 
happen to be exactly " in phase.'* If there is any difference 
of phase between them the resultant will be less than 70 
because they do not come to their maxima at the same time. 
To ascertain the value they have when added together we 
must i^ply the principle of summation of vectors with which 
every engineer is familiar in the ordinary compounding of 
forces by constructing a pai-allelogram. 

Let O P and O Q represent two electromotive-forces, of 
the same period, but with a phase difference between them of 
P O Q which we may call angle . Completing the parallelo- 
gram by drawing P R equal and parallel to O Q, we get the 
resultant O R which represents the relative magnitude and 
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phase of the resultant revolving vector. The projection O r 
of this line will always be equal to the sums of the projections 
O p and O 9 of the two components. Now, by ordinary 
geometry we have O R = 4^0 P^ + O Q^ + 2 P Q cos ^. 
This is obviously a maximum when ^ = zero. For instance 
if in the above example O P = 40, O Q = 80, and ^ = 87**. 
it will be found that the resultant O R is 66-6. 

If the two components are at right angles to one another, 
on the diagram one will have its maximum at the instant 
when the other has its minimum. They are then said to be 
in qiiadrature^ or as some electricians say, in qiuirter^hase. 
If they are equal in themselves the resultant will be greater 
than, them in the proportion 4/^2^ to 1. For example, the 
resultant of two alternating electro- 
motive-forces of equal period, of 100 Tt..^ 
(virtual) volts each,.that are in quad- 
rature, is 141*4 (virtual) volts. 

Products of Periodic Functions. — 
Suppose we have two periodic func- 
tions — say two currents, or a current j /^^^^^"^ j 
and an electromotive-force — both ^t"^^^ ^ ii' — j 
varying with the same periodicity, 
but having different ampUtudes and ^»- ^• 

a difference of phase between them. 

Let one be called p = O P sin tf; the other 5 = O Q sin i?; 
where O P and O Q are their respective maximum values 
(as in Fig. 856), and ^ the angle of phase-difference between 
them equal to — ^. Now, suppose we want to find the 
mean value of the product f j. This product will itself vary, 
but not as a sine function, and therefore is incapable of being 
represented as a line revolving.. It will at certain instants — 
four times in each cycle — ^have zero values, for ^ comes twice 
to zero, and q comes also twice to zero. It will also have 
negative values when either j9 or 9 is negative. Its mean 
value will be the mean of all the values of the product during 
one complete cycle. 

At the instant shown the product will be ^ 5 = O P . OQ 
cos 9 . cos i^. A quarter-period later the two lines O P and 
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O Q will stand to the axis — Y in the same relations as they 
now stand to the axis O X, and the product (being positive) 
will then be 

pY = OP.OQ8in0.siniJ. 
Taking the mean of these two values, we have 

V^-^P'^ =iOP.OQ(cose.cosi5 + sin0.smi?) 

= iOP.OQcos (O—p^ 
= i O P . O Q cos ^. 

Now this is obviously independent of the actual position of e 
or oi fi; that is to say, for every position the mean of the 
value between that position and the position at right angles is 
the same all the way round. Hence this value is the required 
true mean value of the product. 
We shall make use of this theorem later. 
A geometrical construction to illustrate the above is given 
in Fig. 857. Let O P and O Q represent the maximum values 
of two periodic functions as having phase-difference the angle 
♦ or P O Q. Turn either of them (in this case O P) through 

a right angle so that it occupies the 
position O S, then complete the paral- 
lelogram O Q T S, and draw the triangle 
O Q S. The area of the parallelogram 
is equal to O P . O Q cos ^, and the 
area of the triangle is equal to J O P.O Q 
cos ^, and therefore represents the mean 

no. 867. product. 

A further deduction is of use. Sup- 
pose jo and ^ to be identical; we shall then obtain the mean 
value of the square of the periodic function by writing O Q = 
O P and ^s= o ; so that cos ^ =1. Then we get, 

mean value oip^ = i O P*. 

In other words, the mean value of the square of the sine is ]. 

Lag and Lead. — Alternating currents do not always keep 

in step with the alternating volts impressed upon the circuit. 

Ji there is inductance in the circuit the currents will lag; if 
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there is capacity in the circuit they will lead in phase. Fig. 858, 
illustrates the lag produced by inductance. The CHrre 
marked V represents the alternating volts ; that marked G is 
the current curve. Distances measured from O along the 
horizontal line represent time. These curves are in fact 
similar to what would be obtained if curves were plotted from 
Fig. 854 in the same way as that plotted in Fig. 851, the 
points y and C being taken instead of the point P. The 
impulses of current, represented by the blacker line, occur a 
little later than those of the volts. But inductance has another 
effect of more importance than any retardation of phase ; it 
produces reactions on the electromotive-force, choking the 
current down. While the current is increasing in strength the 
reactive effect of inductance tends to prevent it rising. To 




Fig. 858.— Curve of Cubbent LAOOiNa BEmND Cubve of Volts. 

produce a current of 40 amperes in a resistance of 1^ ohms 
would require — for continuous currents — an E. M. F. of 60 
volts. But an alternating voltage of 60 volts will not be 
enough if there is inductance in the circuit reacting against 
the voltage. The matter is complicated by the circumstance 
that the reactive impulses of electromotive-force are also 
out of step : they are, in fact, exactly a quarter period behind 
the current. 

The Meaction of Inductance, — ^We have seen that every 
current is surrounded with a whirl of magnetic lines all along 
its length, the number depending on the permeability of the 
medium, and the distance between the going and returning 
wires. If the circuit consists of coils whose convolutions lie 
near one another, the whirls or loops of magnetic lines 
belonging to one part of the circuit will enclose another part 
of the circuit ; so that whenever the current is growing or 



560 Dynamo-Electric Mcuhinery. 

dying away these loops of magnetic lines will be catting 
across some other part of the circuit. In fact there will be 
eelf-inductian^ and the amount of catting of magnetic lines 
that goes on when unit current is turned on or off (and which 
we may call the coefficient of self-induction, symbol L) will 
be proportional to the square of the number of spirals so 
reacting ; or L is proportional to S'. The presence of an 
iron core helps the magnetic field due to each convolution to 
thread itself around all the other convolutions. If the 
sectional area, length and permeability of the magnetic cir- 
cuit in question are A, I and fi ; then L = 4t yc S^fi -r- 10* I; 
where the factor 10* is introduced because the unit of inducp 
tion, the henry ^ is chosen to correspond to the ohm and other 
units. 

So then whenever in a circuit having an inductance L, the 
current is growing, there will be a self-induced electromotive- 
force reacting and tending to prevent the current growing ; 
and the magnitude of this will be proportional both to L and 
to the rate of change of the current* If an alternate current 
of C (virtual) amperes is flowing with a frequency of n cycles 
per second through a circuit of inductance L, the reactive 
electromotive-force,^ will be 2 ?r n L C (virtual) volts. If, for 
example, L = 0*002 henry, n = 50 periods per second, and 
C == 40 amperes, the reactive electromotive-force will be 25*1 
volts. Now, if we wish to drive the 40 (virtual) amperes not 
only through the resistance of 1| ohms but against this 
reaction, we shall require more than 60 volts. But we shall 
not require 60 -h 26*1 volts, since the reaction is out of step 
with the current. Ohm's law is no longer adequate by itself 
as a guide. To find out what volts will be needed we must 

^ This is calcnlated as follows. By definition, L, the coefficient of self- 
induction, or inductance, represents the amount of self-enclosing of magnetic 
lines by the circuit when the current has unit value ; when current has 
value the number of lines enclosed is G times L. And, as the self-induced 
electromotive-force is proportional to the rate of change of this number, we 
may write E » L. d G / d £. Now C is assumed to be a sine function of the 
time having instantaneous value Go sin. 2 ir n £ ; where Go is the maximum 
value of G. Differentiating this with respect to time wegetdG/dte=2ir 
n Go cos 2 9r n t. The ** virtual " values of cosine and sine being equal we 
have for £ the value 2 tt n L G, but differing in phase from the current 
bvai oeiiod. 
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calculate, either by algebra, or by geometry ; and for greater 
aimplicity we will have recourse to geometry. 

O-eametrieal Investigatian of the Law of Alternate Cut" 
rentf. — ^Plot out (Fig. 859) the wave-form O A ( (2, to cor- 
respond to the volts necessary to drive the current through 
the resistance, if there were no inductance. The ordinate a A 
may be taken to scale as 60. This we may call the R C 
curve. Then plot out the curve marked — phCto represent 
the volts, needed to balance the reaction of the inductance. 
Here p is written for 2nn. The ordinate at O is 25*1 : and 
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the curve is shifted back one-quarter of the period : for when 
the current is increasing at its greatest rate, as at O, the self- 
inductive action is greatest. Then compound these two curves 
by adding their ordinates, and we get the dotted curve, with 
its maximum at V. This is the curve of the volts that must 
be impressed on the circuit in order to produce the current. 
It will be seen that the current curve attains its maximum a 
little after the voltage curve. The current lags in phase 
behind the volts. If O i is the time of one complete period 
the length t^ a will represent the time that elapses between 
the maxima of volts and amperes. In Fig. 860 the same facts 
are represented in a revolving diagram of the same sort as 
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Fig. 854. The line O A represents the working volts R X C, 
whilst the line A D at right angles to O A represents the 
self-induced volts |> L C. Compounding these as by the 

triangle of forces, we have as the 
impressed volts the line O D. The 
projections of these three lines on a 
vertical line while the diagitun re- 
volves around the centre O give 
the instantaneous values of the 
three quantities. The angle A O D, 
or ^, by which the current lags 
behind the impressed volts, is 
termed the aTigU of lag. However 
great the inductance or the fre- 
quency, angle ^ can never be 
greater than 90**. If O A is 60 and A D is 251, O D. 
will be 65 volts. In symbols, the impressed volts will have 
tobesuchthatEa=(RC)ax(pLC)a. This gives us the 
equation : 

C =s — ■ (l. I 

i/RMTpI? 

The denominator which comes in here is commonly called^ 
iKt impedance. Comparing this with the law for continuous 
ourrentS) namely 

we see that the effect of the inductance is to make the circuit 
act as if its resistance, instead of being R, was increased to 

V R^ + p'L*. In fact the alternate current is governed, not 

1 The term impedance strictly means the ratio of any impressed electro-mo- 
tive-force to the current which it produces in a conductor (see Lodge's Mod- 
em ViewSf p. 806), of which the above is only one case. For steady currents 
the impedance is simply the resistance. For variable currents it may be 
made up of resistance, of inductance, and (if the circuit has electrostatic 
capacity), of permittance. In various proportions according to the form of the 
variation. For true periodic currents obeying the sine-law the impedance is 
the square root of the sum of the squares of resistance and Inductance. For 
currents which vary more suddenly the impedance will depend more on seU- 
Indaction and less on resistance. 
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by the resistance of the circuit, but by its impedance. The 
equation tells us the magnitvde of tiie current, but not its 

In Figs. 861 and 862 the angle of lag is seen to be such 
that tan^=j9LC/RCors=2L/R. Thecurrent is lagging 
as if the angle of reference were not.0 but Q — f, so that Uie 



/>LC 




equation for Gf the instantaneous yalue of C at the moment 
when E = D sin 9, is 



D sin (^ — <i) 



[n.] 



This is Maxwell's law ^ for periodic currents as retarded 
by inductance. As amperemeters and voltmeters take no 
account of phase but give virtual values, the simpler form 
preceding is usually sufficient 

The relation between resistance and impedance is readily 
got from the triangle in Fig. 862 ; for clearly the angle ^ is 
such that 



sin^ 



C06^ = 



tan^ = 



p\j 



R 



If we prefer we may substitute for the impedance in the 
denominators of the preceding equations its value R / cos ^. 
The equations established above hold good, whether 

' The analytical proof is given at the end of the present Chapter, p. 678. 
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maximum or virtual yalues are used. For example, we may 
write 

maximum E 



or 



and 



Maximum = -^ = , 

impedance 

Maximum = 5?™?E^ X COB ♦ ; 

resistance 

Virtual = '^''^ ® 



or 



impedance ' 

VirtualC=^^^^^Xcofl», 

resistance 

The clock diagrams of revolying lines may be drawn either 
with maximum or virtual values. 

Effect of capacity. — When an electromotive-force is applied 
to a condenser the current plays in and out, charging the 
condenser in alternate directions. As the current runs in at 
one side and out at the other, the dielectiic becomes charged, 
and tries to discharge itself by setting up an opposing electro^ 
motive-force. Its opposing potential rises just as its charge 
increases. A mechanical analogue is afforded by the bending 
of a spring, which as it is being bent exerts a back-force 
proportional to the amount of bending to which it has been 
subjected. When a periodic force is applied to a spring the 
elasticity of the spring tends to hasten the return movement. 
In like manner the electric elasticity of a condenser tends to 
hasten the return flow of the current. 

The effect of capacity introduced into an alternate current 
circuit is to produce a lead in the phase of the current, since 
the reaction of a condenser, instead of tending to prolong the 
current, tends to drive it back. The student must clearly 
distinguish between the case of capacity in series with a 
circuit and the case of capacity in parallel with a branch of a 
circuit. What is said here refers to capacity in series, that is 
to say, the conductor of the circuit is actually cut and the 
ends joined to a condenser so that no current can flow except 
into and out of the condenser. If the capacity is in parallel 
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with a branch of a circuit, and we are considering what happens 
in that branch when there is a given alternating pressure at 
its ends, the capacity in parallel has no effect at all. If we 
are only given the pressure at some other part of the circuit, 
then the problem becomes more complex and involves the 
impedances of the circuit's various branches. Returning then 
to a simple circuit with a condenser in series, the smaller 
the capacity of the condenser the more does it react. The re- 
actance is therefore written as — 1 / ^ K, being negative and 
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inversely proportional to K (the capacity in/ararf«) and to p ; 
and the angle ^ will be such that ^ == — 1 / jt> K R. The 

impedance will be ^R^ + l/^K^. Figs. 868 and 864 show 
the construction that is applicable in this case. 

If both inductance and capacity are present, tan ^ =3 
(p L — 1 / 1? K) / R ; the reactance will be jo L — 1 / jt> K ; 

and the impedance |/ R^ + (p L — 1 /^ K)^. This is illus- 
trated by Fig. 865, in which the triangle for finding ^ is 
drawn by setting out p L at 
right angles to R and then 
deducting from |7 L a part equal 
tol/;>K. 

The same construction may 
be applied to a circuit containing 
several resistances, inductances 
and capacities. 

Since capacity and inductance produce opposite effects, 
they can be used to neutralize one another. They exactly 
balance if L = 1 / j?^ K. In that case the circuit is non- 
inductive and the currents simply obey Ohm's law. 
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It will be seen that if in a circuit there is little resistance 
and much reactance, the current will depend almost exclu- 
sively on the reactance. For example, if 'p (= 2 ^r n) were, 
say, 1000 and L = 10 henries, while R was only 1 ohm, the 
resistance part of the impedance would be negligible, and the 
law would become 

C ^ 

T&e current would lag by almost 90^. 

Self-induction coils with large inductance and small resist- 
ance are sometimes used to impede alternate currents, and 
are called choking eotlsy or impedance coils. This formula is 
wanted for calculating alternate-current electromagnets ; for 
their apparent resistance is almost entirely due to inductance. 

If the current were led into a condenser of small capacity 
(say K = xV microfarad, then 1 / p K = 10,000), the current 
running in and out of the condenser would be governed only 
by the capacity and frequency, and not by the resistance, and 
would have the value — 

and its phase will lead by almost exactly 90®. 

A capacity acting laterally across the circuit, as when a con- 
denser is placed across the two means, has the effect of increfusing 
the flow of current from the dynamo up to the points on the cir- 
cuit which are connected to it, and therefore of raising the virtual 
potentials of those points, thereby affecting the voltage of the 
rest of the circuit. There is, for a given frequency, resistance 
and self-induction, one particular value of capacity which would 
enormously increase the current and voltage as by a sort of reso- 
nance. These various condenser effects have been considered by 
various writers. A very clear exposition of them, together with 
the phenomena observed on the Ferranti mains on the Deptf ord 
supply has been given by Fleming.^ 

Mean Power. — ^The power cannot be calculated by simply 
multiplying together the volts and the amperee as with con- 
tinaous currents ; for when there is any difference of phase 
1 Journal Inst. Electr. Engineers^ xz. 362, 1891. 
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the apparetit watts so calculated are always in excess of the 
true watts. We have seen on p. 558 that the mean product 
of two periodic functions is equal to half the product of their 
maximum values multiplied bj the cosine of their phase 
difference: or 

Mean power (true watts) = i E,^ x C«« X cos ^. 

F P 

— "" V "*« V cos ^ 

= E^ X C^ X cos ^. 

One way of dealing with this is to consider the product 
E^iyfc X COS ^ as the resolved part of the volts that is in phase 
with the current, and therefore equal to C^ X R. Hence we 
may write the mean power (true watts) as C'^ R. That is 
to say, if the resistance of the circuit is a plain non-inductive 
resistance (such as a load of lamps, or a water resistance) the 
true watts spent in it are found in the usual way by the C^ R 
law. There is, however, another way of regarding the matter 
as follows. 

Watt-less Current. — ^Whenever there is a great phase difference 
between volts and current (whether a lag due to self-induction or 
a lead due to capacity), the true watts are, as has already been 
pointed out, much less than the apparent value that would be 
obtained by merely multiplying together the virtual amperes and 
the virtual volts. For, as we have seen, this product must be 
further multiplied by the cosine of the angle of lag (or lead). 
Now there are two ways of looking at this matter, the product 
BrM X CUi X cos ^ may be regarded as either the product of the 
virtual amperes into the resolved part (or effective part) of the 
virtual volts, or it may be regarded as the product of the virtual 
volts into the resolved part of the virtual amperes. Just as any 
force may be resolved into two component forces at right angles 
to one another, so any alternating current may be resolved into 
two component alternating currents differing 90^ in phase. Or C 
may be resolved into two parts, C cos ^ agreeing in phase with 
the volts, and C sin ^ in quadrature with the volts. These two 
resolved parts of the current may be termed the working cur- 
rent and the watt-less current. In Fig. 366, O £ represents the 
effective part of the impressed electroi^otive-force O A. Of O § 




568 Dyname-Electric Machinery. 

a part O I is found, by dividing by R (p. 569), to represent the 
current C. 0£ this current the resolved part O W, in phase with 
O A, is the working current, and the part O U, which is in quad- 
rature with O Af is the watt-less current. Whenever, for either 

cause, the angle of lag is great, the watt-less 
part of the current will be great also. For 
example, when transformers are left on open 
circuit, the current in the primary is nearly 
in quadrature (owing to self-induction) with 
the impressed volts, and, if it were not for 
hysteresis or eddy-currents in the iron cores, 
would be almost entirely watt-less. 

For example, if there is a current of 100 
virtual amperes lagging 14<> behind the im- 
pressed volts, this may be resolved into a 
working current of 97*03 virtual amperes, and a watt-less cur- 
rent of 24*2 virtual amperes. 

Meamkremefnt of Alternate-current Power. — The considera- 
tions above show that this is a matter for care. If there is no 
phase-difference between volts and amperes, the apparent 
watts are the same as the true watts ; and in that case ampere- 
meter and voltmeter may be used.^ But if there is a phase 
difference a suitable wattmeter must be used ; the usual form 
being an electrodynamometer specially constructed so that tihe 
high-resistance circuit in it shall be non-inductive. 

Numerical Example: — ^Let an impressed electromotive-force of 
66 (virtual) volts, alternating with a frequency of 60 periods per 
second, act upon a circuit having resistance 1*6 ohms, and a co- 
efiOicient of self-induction of 0*002 henry. Find the lag, the cur- 
rent, and the mean power. 

To find the lag, we must find the inductance, 2 ^ n L, and di- 
vide this by the resistance ; or 

tan^=2irnL-i-R = 2X 31416 X 60 X 0002 -h 1*6 = 0*414. 
Looking in a table of natural tangents, we find that ^ will be 
22^44'; whence a table of natural cosines gives us cos ^ = 0*9223. 

^ TboM who are not familiar with this subject shonld consult the writiugB 
of Mr. Blakesley or those of Prof. Fleming. The three-dynamometer meth- 
od of Blakesley, the three-voltmeter method of Ayrton, and analogous 
methods, are all of yalne. Fleming in Journal Inst. Mectr. Engineers^ 
zxL 6d4, 1892, has after much experience given preference to a simple 
wattmeter method. 
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Or, we might calculate cos ^ directly as R -?- f'R^ -f 4 ff« n^ U- 
Multiplying cob ^ into the 66 volts, we get 69*95, say 60, as the 
effective virtual volts, and dividing by the resistance gives 40 
virtual amperes as the current. The mean power is 65 X 40 X 
0-9223 » 2400 watts. 

Geometrically this is given in Fig. 867. 

Let O A be 65 to any scale, the impressed (virtual) volts. De* 
scribe the circle of radius O A, and the semicircle O E A. Draw 

B at right angles to O A. On O B set off O R on any conveni- 
ent scale of resistance, O 1 being taken as 1 ohm. Using same 
scale, set off O S or B F at right angles, equal to the inductance 
2irnL=0-628. JoinOF. ROF 

is the angle of lag. Draw E O at 
right angles to O F, cutting semi- 
circle in E. E O A is also angle of 
lag, hence E O represents effective 
virtual volts ; and A £ the croes- 
electromotive-force of self-induc- 
tion 2 irnLC. Join BBand from 

1 draw 1 parallel ; C O will rep- 
resent the current. AsOBisOA 
turned through a right angle, the 
area of triangle BO = i O A. 
OO.coeAOC = i mean power 
(see p. 568). 

There are some reasons why it is 
desirable that the induction curves of alternators should follow the 
sine-form (but see p. 712 as to effect of wave-form on transformer 
efficiency). According to the well-known theorem of Fourier, 
every complex single- valued periodic function can be analyzed 
down into a series of simple periodic functions differing in ampli- 
tude and phase, but all belonging to a harmonic series, having 
frequencies that are some exact multiple of a single fundamental 
frequency. Every complex wave-curve may be regarded as built 
uff of sine-curves. For example, the curve shown in Fig. 368 
may be looked upon as a compound of the two dotted sine-curves, 
one of a frequency three times that of the other. Now, if this 
complex curve represents the impressed electromotive-force of 
an alternator with curiously-shaped poles, what will the curve of 
effective electromotive-force (or of current) be when self-induc- 
tion is present ? The amplitude is cut down in proportion nearly 
to the frequency of the alternation. Hence the component ripple, 
which has three times the frequency, will be damped out nearly 
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three times as much as the fundamental wave.^ In Fig. 869 are 
shown the two waves, as altered by a lag of 41° which cuts down 
the fundamental to 0'75, and the ripple to 0*85 of their respective 
amplitudes ; the resultant wave being also shown. It is evident 
that self-induction tends to smooth out the ripples, including all 
parts of the wave that do not fit to the sine-form. Hence those 
alternators which give induction curves of true sine-form are less 
affected than others by self-induction in the circuit, regulate 
better, and have a higher plant efficiency. 

JETig^ Freqaem^yy Alternations, — Alternations of very high peri- 
odicity, going up to as many as 10,000 or 20,000 per second, have 
been studied by Spottiswoode,' and more recently by Tesla,* who 





Fios. 868 and 869. 

has obtained some very remarkable effects. One of his alternators 
was of the same type as Mordey's, having numerous polar pro- 
jections on either side,^ and another was of the inductor type. 
With these excessively high frequencies the currents flow almost 
exclusively along the surface layers of conductors, instead, of 
flowing through their entire cross-section ; even straight rods o£ 
copper offering a relatively enormous impedance. 



^Mnch attention has been given to the analysis of alternate-current 
corves dnring recent years by Perry, Byan, Fleming, Bedell and others. 

■ Proc, Moy, 8oe.<, xziii. 466. 

^Ameriean Inst. Electrical Engineers^ May, 1891. See EUetricod 
World, zvi. 1891, and The Electrician, xxvl. 649, 1891. 

* l^ee flUetricqX Engineer (N. T.), March 18, 1891, 
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Torqyi/t of AUematora, — A very singular resiilt follows the 
presence of any lag in the current of an alternator. It was 
pointed out on p. 487, that where amperes flow with the volts, 
electric energy is being supplied by the machine, and power 
must be applied to drive it ; but that when amperes flow against 
a counter electromotive-force, there electric energy is leaving the 
circuit and being turned into mechanical energy, helping to 
drive the machine. The one is the case of the generator, the 
other that of the motor. But now consider an alternator with 
the amperes lagging behind the volts, as indicated by the dia- 
gram of Fig. 870. It is clear that in consequence of this lag the 
amperes are sometimes flowing against the volts instead of wxih 




Fig. 870.— ErrsoT of Lao of Cubbxnt. 



them. In fact, we may divide each complete period such as O X 
into four parts, during two of which, namely II. and IV. in Fig. 
870, the amperes and volts are alike in direction, either both pos- 
itive, or else both negative ; during the other two parts — namely 
I. and m. — ^the amperes and volts are opposed in direction be- 
cause the volts have reversed in sign, but the lagging amperes 
have not yet changed. Now, during the partial periods II. and lY., 
when there is agreement in sign, the machine is in the condition 
of being a generator, and will require to be driven, the currents 
in the armature setting up a counter torque. But during the 
other partial periods I. and III., when there is opposition in 
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sign, the macbiue is in the condition of being a motor, and will 
tend to drive itaelf , the torque helping it on. The conductors are 
consequently subjected to a racking action, alternately relating, 
being drivea and then helping to drive twice in each period. It is 
clear that if there ia little lag there will be little motor action, 
the partial periods I. and III. being brief ; whereas if there is 
much lag the motor action will increase. If there ia lag of exactly 
a quarter of a period, the motor and generator actions will be 
equal. Similarl;, if in consequence of capacity the current leads 
in phase, there will be motor action in partial periods. This sub- 
ject may be considered in another way. The electromotive-forcea 
change sign just as the conductors are passing (Fig. 371), from 
one magnetic field to another, where the lines run in an opposite 
direction. If the currents are in phase with the dectromotive- 
f orces, they will always tend to oppose the motion that gi 
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them, and will reverse when the conductor passes into the reversed 
field as at a, a. But if the currents lag, the force exerted by the 
field will help on the motion of those conductors which have 
passed from one field to the other until such time as the currenta 
have reversed at b, b. 

It follows that when there is a difference of phase between 
volts and amperes, the mean power in a cycle is equal to the 
difference between the power which it gives out during the 
partial periods II. and IV., and the power which it receires 
back from the circuit during the partial periods I. and III. If 
the phase difference is less than 90° the machine acts on the 
whole as a generator. If it is more than 90° the machine acts 
as motor on the whole. If two alternators are coupled in 
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series, one to act as generator, the other as motor, the current 
will be nearly in phase with the electromotive-force in the one 
and almost exactly opposed to the electromotive-force in the 
other. This question is resumed in Chapter XXIV. 

AKALYnoAL Treatment of Fundamental Equations ov 

AliTEBNATINa CUBBENTS. 

Beginning with the case of a loop having 8| tarns, placed at 
such an angle ^ (measured from the initial position as in Fig. 110, 
where it stands right across the field), we see that it no longer 
encloses the whole number of magnetic lines which are present in 
the magnetic circuit. When we omit all account of self-induc- 
tion, we may write 

Ni-s,NooB.», [I.] 

where Ni is the amount of fliiz actually endoeed lyy the loop in 
this position. 

To get a complete account of the action we must now take into 
consideration the number of magnetic lines induoed on the cir' 
euU by itself,^ 

If current flow through a circuit whose coefficient of self- 
induction or inductance is L, the whole self-induction of the cir^ 
cuit wiU be equal to L times ; and the product L O will repre- 

^ Nenmann'a mathematical investigation of the effect of considering the 
self-induction of the circuit in relation to a periodic electromotive-force, 
was published in 1845, but self-inductiTe phenomena had previously been 
studied by Henry and by Faraday. 

Other mathematical investigations of alternating electric currents have 
been given by Weber in his EUktrodynamUche MatubeBtimmungen^ and 
by the following :— 

Koosen, Pogg. Ann., Izzzvii. 886, 1862. 

Le Boux, Ann. Chim. Phya. [8], L 468. 1867. 

Clerk Maxwell, Phil. Trans. 1865, p. 473. 

F. Kohhrausch, Pogg. Ann., cxMLl 148, 1878. 

Jamin and Richard, Ann. Chim. Phya. [4], zvii:, S76, 1860. 

Joubert, Ann. de v£eole Normale SupMeurt, [x], 1881 ; and Jotcmal 
de Physique, s. ii. t ii. p. 298, 1888. 

Lord Rayleigh, PhU. Mag., Hay, 1886, p. 875. 

HopUnson, Lecture at Instit Civil Engineers (on Electric Lighting), 1868. 
** Jour. 8oe. Tdegr. Engineers, xiiL 

•• Proe. Boy. 8oc., Feb. 1887. 

Abstracts of the most important of these wiU be found in Fkmtng*! boek 
on the AUemale Current Trcmtformer. 
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sent the total amount of enclosing of magnetic lines by the con- 
volutions of the circuit. 

But we know that if there is a curr^it C in the circuit, we 
ought to write the equation in full — 

Ni = S, Ncos^ + I-C. [II.] 

Now we know that any variation in Ni will set up induced 
electromotive-force, and that at any moment the electromotive- 
force will have the value 

E £Nj-; [HI.] 

where we use the negative sign to show that an increase in Ni will 
produce an inverse or negative electromotive-force. Any change 
in Ni 9 ^om whatever source arising, will set up electromotive- 
f or<3e. In the absence of armature reactions the only quantities 
whose variations contribute to the variations of Ni ^^^ ^ ^^^ C. 
The angle of position ^ varies from to 2 n- (radians) ; that is 
to say, from 0® right round to 360°, and then recurs ; and its 
cosine therefore fluctuates between 1 and — 1. The current C 
varies also from a certain maximum value + Qn^m, to an equal 
negative value — Qmam- We will neglect all the variations of 
the other quantities, not because these variations would not be 
instructive — for that would be quite untrue — ^but because of 
their lesser practical importemce. Then we have 

E — ^N ^_ c?(S, Ncosg + LC ) 
^ dt dt * 

Now suppose that while the armature loop has turned through 
the angle ^, the time occupied — ^a small fraction of a second — is t 
Also take T to represent the time taken for one revolution ; so 
that if there were n revolutions ^ per second, T will be 1 / n of a 

second. Then obviously will be the -S- part of a whole revolu- 
tion, and as there are 2 w radians in a circle, the angle expressed 
in radians will be 

JL 

where p is written short for 2 «* n, and called the ptdaation. 

^ For multipolar machines the number of alternations is more numerous 
than the number of revolutions in proportion to the numbers of pairs of 
poles. The symbol n will in this case stand for alternations per second. 
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Inserting this value, and performing the differentiation, we gel 
E,= 2irnSaN-sinpe — L^; [IV.] 

Consider this equation carefully. It shows us that when the 
dynamo is on open circuit, so that there is no current, then self- 
induction would not come in at all. The negative sign also indi- 
cates that that part of the electromotive-force which is due to the 
self-induction opposes the other part. Now write D for the group 

of symbols 2 ^nS,N* Further, we know that that part of the 
electromotive-force which is effective in driving the current 
through the resistance may be ccdculated by simply applying 
Ohm's law. So if E^, as found in formula [IV.], be the nett or 
effective electromotive-force at the time ^, we may write £» = B Gi ; 
whence 

RC,= D8in©— L^ 

This 18 a differential equation of the form 

av + h-^ = sin p x. 
ax 

(See Boole's Differential EquationSy p. 88.) 
The solution is 

R 

where ^ is called the retardation or angle of fog, and has the value 
such that 

2^nL 
tan f> = — - — . 

In the second term of the expression on the right-hand side of the 
above equation, the symbol c is a constant of integration, and e ig 
used in its common mathematical sense to represent the number 
2*7182, which is the basis of the Napierian (or hyperbolic, loga- 
rithms. This second term relates only to the irregularities dxiring 
the first starting of the current, and dies out as the time t in- 
creases in value. The phenomenon of inductive rush, sometimes 
noticed when current is suddenly switched on or off, is of this 
nature. In general the exponential term may be omitted. 

We have therefore, got our equation for the current at time I 
as follows :— 
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which should he compared with the value D sin 9 -r H that the 
current would have if there were no self-induction. We see by 
comparing the two expressions that our current still follows a 
sine-function, but it is the sine-function not of the angle ^, but of 
the angle (fi — ^) ; that is to say, its waves lag behind those of 
the impressed electromotive-force. Also, the amplitude of the 
current is reduced, because everjrthing is going on as if the am- 
plitude of the impressed electromotive-force had been altered 
from D to D cos ^. Or, in other words, the effective electromo- 
tive-force is equal to the part of the impressed electromotive- 
force as resolved along the line of the lagging current. If we 

substitute for cos ^ its value R / 4/B? + |3^ I/, we reduce the 
equation to the form 

^ Dsin(^-»), [VIL] 

which is what we deduced from geometrical considerations. 

To establish the equations for the case of a circuit possessing 
capacity and resistance only, we may proceed very simply to 
calculate what impressed electromotive-force is needed both to 
drive the current through the resistance and to charge the con- 
denser. Assume C = Go sin 0. Let the condenser of capacity K 
(farads) have a charge q at any instant, then its potential will be 
g / E, and the corresponding electromotive-force needed at that 
instant to drive the current will be 

RC-|-£=E. 

But 

q^s: jGd t = — -CqCos^ where ^ssipt=s2nnt. 
Substituting, we get 

RCoBin^ LCoCOS^—E. 

pK 

Now divide both sides by 
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and call 

tan»Ba \.. 
Then 

ainf ^. 



\/^ 




and 

B 



COSf! 






CoBinCd— 0= ^ 



This indicates that the volts will lag in. phase behind the cnr- 
rent ; or in other words, the current will lead in phase. 

Mean Potoar.— The mean power is obtained by integrating the 
power during one period and dividing by that period, and there- 
fore may be written 

If we square the expression [VII.] found for current and sub- 
stitute for the square of the sine its mean value, viz. i, and then 
multiply by B we get as the mean power (in watts) 

This expression, by a well-known algebraic rule, will be a max- 
imum for variations of B, when R is such that the two terms in 
the denominator are equal, or when the resistance equals the in- 
ductance. Under these circumstances the highest lag is 45^. 
But though this is the condition for highest plant efficiency, the 
regulation is, under these circumstances, bad. Hence it is better 
to use such a machine for lesser currents than those which would 
produce so great a lag. 
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Skin Effect. — ^Whenthe frequency is bigb, there is a tendency 
far the alternate current to distribute itself unequally through 
the crossHG»ction of the conductor, flowing most strongly in the 
surface parts. For thisreason it has been proposed to use hollow 
conductors, or flat conductors, rather than solid round wires. 
But with frequencies not exceeding 100 periods per second, this 
tendency is negligibly small in copper conductors under one 
centimetre in diameter. Where the conductor is large, or the 
frequency high, the effect may be judged from the following in- 
stances calculated by Professor J. J. Thomson.^ 

In the case of a copper conductor exposed to an electromotive- 
force making 100 alternations per second, at 1 centimetre from 
the surface the maximum current would only be 0*208 times that 
at the surface ; at a distance of 2 centimetres only 0*043 ; and at 
a distance of 4 centimetres less than v^v part of the value at the 
surface. 

If the electromotive-force makes a million alternations per sec- 
ondf the current at a depth of one millimetre is less than one 
six-millionth part of its surface value. 

The case of an iron conductor is more remarkable. Taking the 
permeability at 1000 and the frequency at 100 per second, the 
current at the depth of one millimetre is only 0*13 times the sur- 
face value ; while at 5 millimetres it is less than one twenty- 
thousandth part of its surface value. 

1 ElemenU cf ihB Mathematical Theory of Electricity and Magnetism 
(Cambridge Univenity Press.) 
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CHAPTER XXin. 

ALTERNATORS. 

AiiTEBKATOBS, or altemate-current dynamoB, may be olas* 
fiified in three sorts : — 

I. Those with' stationary field-magnet and rotating arma- 
ture. 

II. Those with rotating field-magnet and stationary arma- 
ture. 

III. Those with both field-magnet part and armature 
part stationary, the amount of magnetic induction from the 
latter through the former being caused to vary or alternate in 
direction by the revolution of appropriate pieces of iron, called 

Alternators may also be classified into HngU^Kau and 
polyphase according to whether their coils are so arranged that 
the currents all rise and fall in them at the same instants, or 
whether they have two, three or more circuits so arranged that 
the currents in one part are out of phase with those in another 
circuit. The frequency used in practice varies between 26 
periods per second to 100 or sometimes 150 periods per 
second ; but each machine is expected to work at its own 
proper frequency. The symbol n, used for the number of 
revolutions per second in the formulse for continuous-current 
dynamos, is also used, in f ormulsB for alternate currents for the 
number of periods per second, as it corresponds to the number 
of complete alternations there would be if the dynamos had 
but one pair of poles. For arc lighting it is impracticable to 
work with a lower frequency than 40, though lower frequencies 
are quite as good for motor driving. The higher the frequency, 
the smaller the transformers ; but very high frequencies give 
trouble, increasing the inductive drop in the mains. As it k 
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requisite in alternate-current working to have 80 many alter- 
nations in every second, and as mechanical considerations 
forbid very high speeds, it is the general practice to make this 
class of machines multipolar, with a considerable number of 
poles of alternate polarity arranged symmetrically around a 
common centre. The number of symmetrical poles in 
machines of different systems varies from 12 to 48 or more. 

The armatures of alternators may be of ring, drum, pole, 
or disk type ; but the grouping of the windings is in general 
different from that which would be adopted for a continuous- 
current dynamo. The field-magnet being multipolar, a section 
of the armature winding which is passing a K-pole will have 
currents induced in it that circulate in an opposite sense to 
those induced in a section which is at the same moment 
passing a S-pole. Hence in an alternate-current ring the 
successive sections must be either wound or connected so as 
to be alternately right-handed and left-handed. In alternate- 
current drums the sections do not overlap one another as in 
ordinary drum armatures ; nor do they overlap in alternate- 
current disk armatures. 

Bing An^atures. — ^This type was invented in 1878, almost 










Figs. 872 and 878.— Ring-Abmatube Sbbdeb 

WiNDnVGB FOB ALTEBNATOBS. 

simultaneously by Gramme ^ and by Wilde,^ the main differ- 

Mice between them being that, whilst Gramme rotated his 

1 Specification of Patent, OM of 1878. < Ibid, 1228 of 1878. 
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field-magnet within alatge stationary ring, Wilde rotated his 
ring-armature within an external Byatem of inwardly-pointing 
field-magnet poles (see Fig. 101, No. 28). When ring armatores 
are used in this type of 
dynamo* they must not 
be wound in the same 
manner as for continnoua- 
onrreDt armatures. If the 

successive sections are to 1 1 

be connected up in series 
tiien they must be wound 
as shown in Fig. 872, 
alternately with right- 
handed and left-handed 

windmcs. If all the see- ■»• W*— Soipli Bifoub 

.. ° -1 J - vi. Bcia AunaMATOB. 

nons are coiled rightr 

handedly, then they must 

be connected asshowninFig.STS; forthe electromottTfrioroe 
induced in a coil as it passes under a N-pole will circulate 
around the armature core in an opposite direction to that in- 
duced in the neighbouring coil that is passing under a S-pole. 



Vta. 87S.— Bnra-ABiUTUB* Paruxkl ^niiHKl VOB AunaiUTOB. 

If a Gramme ring wound in the ordinary way is connected 
down to slip-rings from two points at opposite ends of a 
diameter, it will yield an alternating cnrrent when revolved 
in a lupolar field. In » malUpolar field the xing will need 
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multipolar connections alternately at points corresponding to 
the pitch of the poles. In this case, Fig. 875, the various 
sectionjst of the ring are all in parallel. 

A diagram of the Gramme alternator is shown in Fig. 876. 
The sections of the winding of this machine were four times 
as numerous as the poles, and might be coupled to feed four 
separate circuits. It is clear that the reyolying poles would 
come past the four adjacent sections successively, so that the 
four alternating currents generated would differ in phase from 
one another. Gramme's was in fact a polyphase machine. 




Fig, 876.— GtatAMME AunsasxATOEL 

One form of Gramme alternator, designed for use with 
JablochkofTs candles, had four separate circuits differing 45^ 
in phase from each other. Another ring alternator, by De 
Meritens, with permanent steel magnets, was a favorite about 
1879. A ring armature with external magnet is used by 
Messrs. Ernest Scott and Mountain. 

In Kapp's early alternator depicted in the former edition 
of this book, the ring lies between a double crown of field- 
magnet poles. Other ring alternators have been designed by 
Rankine Kennedy, who uses a discoidal ring between alter- 
nately-spaced alternate poles within an i^on-clad magnet ; aud 
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by Mordey, who has suggested a form with two Pacinotti rings, 
one laminated, as armature, one non-laminated, as field- 
magnet. 

I>rv,m Armaturea. — So far as the active wires are concerned, 
they may be coupled up quite as effectively without being 
wound around aring core. 
In Fig. 377, which is a 
diagrammatic picture of 
the early Weetinghouse 
alternator, the windings 
lay on the outside of a 
dram core ; the sections 
being coiled separately 
in temporary frames and 
then laid upon the eur- 
face of the core, with the 
ends turned down over 
the end core di^a and 
firmly secured. 

In the recent Westinghouse machines the coils are held in 
deep slots in the iron of the armature. Large armatures 
are built up of segments, one of which is shown in Fig. 378, 
composed of thin mild 
steel stampings bolted 
together and assembled 
so as to form a core like 
the lai^r cores shown in 
Fig. 216, p. 288. The 
joint in the segments 
being made in the centre 
of a tooth does not affect 
the reluctance of the 

mtumetic circuit. The «. ™«, «. 

Vf , , Flo. BT8,— WBSTmaHocsB Cohb 

coils, wound on formers, Sboment 

are at first of sufficient 

width to slip over the projections of the teeth. When in 
position their ends are nipped so that they fit closely and 
are held by the teeth from flying out. This construction is 
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further illastrated in Fig. 401, p. 602, which ahowB the wooden 

wedges driren in longitudinally to,make the whole compact. 

Fig. 879 has an internal revolving field-magnet, and as 

axmature an estemal cylinder built of segmental core-plates. 
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against the inner periphery of which the armature coils are 
fastened. 

It is but a step from this form to Fig. 880, which shows 
the construction of Zipemowsky, in which the field-magnet 



Flo. 880.— Oadz-Zifebkowbef Alterhatob. 

cores are made up of U-shaped stampings, and the armature 
cores of abort "T-ahaped pieces which project through the coils, 
and are removable singly. We are thus passing away from 
the drum type toward that with foU armature. 
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Hopkinson's alternator, Fig 411, p. 61S, ia an inversioD 
Bf this design, the 6eld-magnet being fixed and extemal. 

Ditk Armatures. — In these machines the armature coils 
are arranged around the periphery of a tliin disk. Tlie fleld- 
DiagnetB consLBt of two crowns of fixed coils, with iron cores 
arranged so that their free poles are opposite to one another, 
with a space between them suflBciently wide to admit the 
armature, Fig. 383. The poles taken in order round each 
crown are alternately of N and S polarity ; and opposite a 
N-pole of one crown faces a S-pole of the other crown. This 
description will apply to the magnets of the alternate-current 
machines of Wilde and 
Siemens, and to Ferrantl's 
alternator. The principle ^RV 
will he best understood by (^kj 
reference to Fig. S81, which 
gives a general view of the 
arrangement. Since the ' 

magnetic lines run in oppo- 
site directions between the 
fixed coils, which are altera 
nately S— N, N— S, as 
described above, the mov- 
ing coils will necessarily be 
traversed by alternating 
carrents ; and as the alter- 
nate coils of the armature will be traversed by currents in 
opposite senses, it is needful to connect them up, as shown in 
Figs. 381 or 384, so that they shall not oppose one another's 
action. 

Siemens' alternators, dating from 1878, realize this design 
with a thin disk armature built up of wedge-shaped coils. 
Ferrantl's alternators follow the same plan, the copper 
coils being built up into a thin disk, as indicated in Figs. 382 
and 888. 

- ColUeting Ring». — In those alternators in which the arma- 
ture part is fixed, mere terminals are required for collecting 
the main current. In machines with rotating armatares 
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Bimple sliding coonections are needed. The usual method of 
collecting is shown in Fig. 884. Two undivided insulated 
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metal rings, forming the terminals of the armature coil, slide 
each under a collecting-brush. 

Where high voltages are used the two slip-rings should be 
JO placed that by no accident can an attendant touch both at 




Fig. 8S4.— CoLLBcmfo-BiNos of Alternatobs. 

the same time. It is also well to provide two brushes to eadi 
ring to moke contact sure. For altematois with stationary 
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armatures a similar but smaller pair of slip-rings suflBce to 
carry the exciting current to the revolving field-magnets. 

Coupling Armature Coils. — There are various ways of 
coupling^up the coils of alternators, according to their purpose. 
For low-voltage work the coils may be coupled up in parallel 
as in Fig. 886, so as to reduce the internal resistance ; whilst 
for supplying distant transformers and for transmission of 
power, in both of which cases high electromotive-force is 
required, the more usual mode of connecting is to join the 
several coils in series, as in Figs. 886 and 886. 



^ (^ 





Rgs. 885aiid886.— DiffebentModbs of Ooufunq ttp ABMATUBB<K>nii 

OF Altebnatobs. 

Comparison of Continuous and Alternate- Current Winding. 
— ^We have seen above in the case of ring windings how a 
system of parallel grouping could be reached by connecting 
down at appropriate intervals. Precisely similar considerations 
apply in the case of drum windings. For instance, a 10-pole 
armature with 860 conductors might be wound as a re-entrant 
lap-winding by connecting forward at one end of the drum 
over a spacing of 87, and then lapping back at the other end 
over a spacing of 86. This is just what might be used with a 
180-part commutator for continuous currents. But suppose 
no commutator added, and ten connections brought down at 
regular intervals (as in Fig. 876) to two slip-rings : it will then 
serve as an alternate-current armature. Instead of using this 
lap winding, the 860 conductors might be grouped in 10 lots of 
86 each, each lot of 86 being connected (like Fig. 877), as a 
pancake coil, opposite a pole, and then all 10 put in parallel as 
before. We shall consider later the effect of concentrating the 
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coils around polar points, as distinguished from the diitributive 
winding where they are spaced out equally. If we wanted to 
use a wave-winding, the number 360 will not suit for a 10-pole 
machine. We must choose 358 with a spacing of^ and 87 
alternately. As this winding is in series with two circuits 
only in parallel we shall need only two connections to the 
slip-rings from points equidistant along the winding. 

Width of Polb-faobs and Breadth of Abmatubb 

WnroiNGs. 

The distance from the centre of one N-pole to that of the 
adjacent S-pole may be called the pitch of an alternator. It 
is desired to know what is the best proportion for the pole- 
faces and the windings to bear to the pitch. This matter has 
been discussed by Kapp.^ It involves two questions — (1) 
in what way will the voltage depend on the relative width of 
poles and breadth of windings ; (2) what proportions will give 
the highest plant-efficiency. If the poles are too wide, so as 
nearly to touch, not only is there great leakage, but the coils 
must be inconveniently crowded. It is obvious that for any 
coil to give its best result it should be so large as to embrace 
the whole flux of magnetic lines from each pole as it passes. 
If it is smaller, it contributes less to the total voltage. If it 
is larger it merely takes more space. Hence it is usual to 
make the width of the internal aperture of the coils but little 
less than the width of the pole, and to make the external width 
equal to the pitch. Compare Figs. 877, 879 and 382, in the 
first two of which the inner width is rather less, and in 
the third rather greater than that of the pole-faces, whilst the 
double breadth of copper in the coils is about equal to the 
width of the poles. 

It has been shown on p. 45 that the average electro- 
motive-force of a continuous-current dynamo may be written 

E = nZ N -^ 10®; 

^ Prve, InstHution Citil Engineers^ xcvii. 1880, pt ill. 
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where n was the number of revolutions per second, Z the 
number of conductors around the armature, and \\ the 
magnetic flux. We may adapt this to alternators, whilst 
keeping the two former symbols, and using W for the mag- 
netic flux through any one pole, by multiplying by f the 
number of pairs of poles, and by a coefficient i. 
So we have 

E (virtual volts) = *|> w Z N -r lO^. 

If the fluctuations followed a sine curve, so that the virtual 
volts were 1 * 1 times greater (see p. 555) than the average 
volts, and the coils all joined in series (instead of two parallels), 
then h would have the value 2*2. The value^ of A; for various 
widths of poles and breadths of coils has been calculated by 
Kapp, with the following results ; the field under each pole 
being supposed uniform :— 



Pole Width, 


Total Breadth of Copper In OoQ. 


h 


1. Equal to pitch 


Equal to pitch (covering whole surface) 


iieo 


2. Equal to pitch 


Half of pitch (covering half surface) 


1*685 


8. Half of pitch 


Equal to pitch (covering whole surface) 


1*685 


4. Half of pitch. 


Half of pitch (covering half surface) 


2*800 


5. Third of pitch 


Third of pitch (covering third of surface) 


2*880 



If there were no spreading of the magnetic field, No. 4 of 
these would be best (being also nearest sine-law). On a 
smooth core such as Fig. 877 or Fig. 879, the useful breadth 
of wires is that which would just lie between the pole-tips. 
The output of a machine having a given thickness of copper 
in the gap is proportional to the number of such wires and to 
the width of the pole-face ; therefore to the product of the 
two breadths, the sum of which (if there were no magnetic 
spreading) would equal the pitch. Hence the output would 
be a maximum when the breadth of coils and width of poles 



^ See also Brousson on '* The determination 
JElec. TTor/d, 1805, xxvi. 236. 
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were each half the pitch. But Elihu ThomsoD has found by 
experiment that, owing to the distortion of the magnetic field 
when the machine is ranning, there is an advantage in making 
tiie breadth of copper greater than this ; this is by diminish^ 
ing tlie aperture of the coils to something less than one-half 
the width of the pole-face. 

Let us consider more closely the effect of breadth of the 
windings in the coils of the armature. Consider a multipolar 
revolving Qeld-magnet, such aa Pig. 387, in which we will 
assume tliat the pole-pieces have been so shaped tijat the 
magnetic field in the gap-space between poles and armature 
cores is distributed in a manner so as to give a regular and 
smooth wave-form for the curve of electromotive-force induced 
in any one conductor placed in the gap. We will represent 
electromotive-forces which act upwards, or towards the reader. 



\tj a dot, and those which act downwards, or from the reader, 
by a cross placed in the section of the conductor. Then it is 
obvious that there will be induced electromotive-forces acting 
upwards in those conductors in front of which the S-pole 
is moving to the right, and downwards in those which the 
N-pole is passing. But these electromotive-forces will not 
be equal at the same instant amongst themselves : they will 
be greatest in those conductors which are most active, that is 
to say, in those which are passing through the strongest 
magnetic field. Each conductor will go through an equal 
cycle of inductive action, but it is clear that they come to 
their maximum one after the other. For convenience we will 
suppose this maximum to occur in each conductor as the 
middle of the pole passes it Now suppose (as is usual in 
oonstructiou) thata number of these conductors are connected 
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up, as in Fig. 389, to form a eoil ; their electromotive-forces 
will be added together. If a view is taken, as in Fig. 889, 
where we are supposed to be looking back at the poles passing 
from right to left, we shall understand this a little more plainly. 
A moment later the N-pole will come right behind the coil 
as in Fig. 390. This figure shows that there can be no ad- 
vantage in having the inner windings of the coil much nearer 
together than the breadth of the pole-face, since at this instant 
their electromotive-forces are opposing one another. But the 
actual electromotive-force generated by a coil of a given 
number of turns would be greater if they could be all of the 
same size, so that all should reach their maximum action at 
the same instant. 






Fig. 889. 



Fio. 890. 



Fia. 891. 



This point may be further elucidated by the use of a 
clock diagram. Suppose the maximum electromotive-force 
generated in one conductor to be represented by the pointer 
O A in Fig. 391. Then the projection of O A upon the vertical 
line O P gives the value of the electromotive-force at the 
instant when the angle A O P corresponds to the phase of the 
induction that is going on in the period. Let there be two 
other conductors situated a little further along so that these 
electromotive-forces would be represented separately by O B 
and O C. We have to find what the effect will be of joining 
them all in series. By the rules for compounding vector 
quantities, we shall find their resultant by drawing from A the 
line A B' equal and parallel to O B, and from B' the line 
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B' C equal and parallel to O C. Then O C is the resultant i 
and its projection O Q upon the vertical line gives the instan* 
taneous value of the united electromotive-force of the three 
conductors. Had they all been placed close up to one 
another at A without any difference of phase between them 
the resultant would have been O A''', and this projected upon 
the vertical line gives O P'" as the instantaneous value. 

A numerical way of considering the matter may be useful. 

Suppose each conductor to genel*ate an electromotive-force, 
the virtual value of which is 1 volt : then if three such con- 
ductors are connected up in series their total electromotive- 
force cannot be 8 volts unless they lie so close together that 
they all receive their maximum values at the same time. Any 
spreading out of the coils mu%t lower the value of the resultant 
electromotive-force. 

It is therefore worth while to calculate a breadth-coefS 
cient for a coil of any particular angular breadth. Let the 
symbol V stand for the difference of phase between the centre 
of any coil and its outermost conductor on either side. If the 
machine has a two-pole magnet the value of V is simply half 
the angular breadth (in radians) subtended by the coil. If the 
machine is multipolar, having p pairs of poles, then the angle 
V' of the phase-difference will be equal to half the angular 
breadth (as measured on the machine) multiplied by p. Or, 
if the linear breadth of the coil measured along the circum- 
ference be called &, and the diameter of the machine is df, the 
angle V' of the phase difference corresponding to the half- 
breadth will be =ih p-T-d. Now the average value of the 
viiiual electromotive-force in all the conductors comprised 
within this breadth will be given by the formula 






where e is the virtual value electromotive-force in any one 
conductor and r is the angle of difference of phase between 
the E.M.F. in any conductor of the coil and the E.M.F. in the 
central conductor of the coiL If we call the part of this ex- 
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pression which depends on if the breadth coefficient, and 
denote it by ;, then performing the integration we have 

J = sin * -^ *. 

In order to give some numerical values we may anticipate 
some of the constructions later shown. For instance, in a 
ring wound with four coils eaich covering one quadrant (as 
in Fig. 467), 

V = 46^ = radius : j= 0-90. 

In the case of a ring wound with three coils, each cpvering 
120% 

V' = 60** = radius : j = 0.82. 
In the case of a ring wound with 6 coils each covering 60®, 

V = 80^ = radius : y = 0-95. 

As an example consider a multipolar 2-phase generator, 
having armature conductors carried through holes in the core 
disks, and having 12 equally spaced holes in the repeat 
from one N-pole to the next N-pole. In this case six of the 
conductors belong to one phase, six to the other, and each 
group will consist of three up and three down. The three 
in a group occupy one-fourth the whole breadth, or are 
equivalent to 90^ on the circle of reference : but as the con- 
ductors are confined within holes, the virtual angular dis- 
tance between the two outer conductors of the three is 60^, 
and the half-distance 80^ ; whence q = 0*95. 

There has been much controversy whether armatures 
should or should not have iron cores. Iron cores are certainly 
inadmissible in thin disk armatures, as they would inevitably 
jamb against the pole-faces. Owing to the high frequency 
of alternation, the loss by hysteresis in machines with iron 
cores becomes serious, unless the magnetization is kept down 
below 7000 lines per sq. cm., and even then is not negligible. 
On the other hand, there is more loss by eddy currents ^ in 
the copper in machines not having iron cores. 

^ See remarks by Elihu ThomBon in comment on Kapp*s paper, loc. eit* 
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Modes of Excitatioh of Fibld-Magnbts. 

In the older machines the field- magneta were either of steel 
permanently mt^netized, or else electromagnets separately 
excited. About 1869 began the practice of making these 
machines self-exciting by the method of diverting a small 
current from one or more of the armature coils, which were 
tor this purpose separated fix)m the rest, this current being 
passed through a commutator, which rectified the alternations 
and made it suitable for magnetizing the field-magnets. This 
device is used in the " composite " 
alternators of the Thompson-Houston 
(General Electric) Co. and in those 
of Oanz, who also attains the effect of 
compounding by suppljdng the field- 
magnets with a rectified current ob- 
tained by a small transformer from 
the main cuiTent, to which it is pro- 
portional. Such rectifying commn- 
_ 89a tatora have in general the form de- 

EKmFYiNQ CoMMCTATOR. pictcd io Fig. 392, consisting of two 
Fob SKLT-Bxcrrrao metal cylinders, cut like crown- 
Alterhatobs. wheels, having the teeth of one pro- 

jecting between the teeth of the other. 
They are insulated from one another, one being connected to 
one end of the wire of the armature coils that are to be used 
for exciting, whilst the other is connected to the other end 
of tliat wire. Two brushes are set so that one presses against 
a tooth of one, whilst the other presses against a tooth of the 
other part. An ordinary commutator having as many bats 
as poles may be used ; tlie bars being connected together 
alternately into two sets. If the field-magnets are wound 
witli fine wire, such a commutator may be used (in low- 
voltage machines) to rectify a fraction of the main curi'ent, 
thus making the machine virtually a self-exciting machine. 
It is, however, more usual to supply each alternator with a 
small auxiliary continuous-current dynamo termed its ezctten 
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A convenient way of regulating the current or potential 
of alternators is to interpose a variable resistance in 
the exciting circuit; the resistance being operated by 
hand or by some automatic regulator (see Chapter XXIX.) 
This method is applicable either to separately excited or to self- 
exciting machines. In the case where separate exciters are 
used, the performance of the alternator may be regulated by 
controlling (by vaiiable resistances, etc.) the exciting circuit 
of the exciter. 

Alternators, when intended for supplying glow-lamps at 
constant pressure, whether direct at low voltage, or by trans- 
formers at high voltage, are constructed with low resistance 
in the armature part. Those which have also a low coeffi- 
cient of self-induction would be almost self-regulating if it 
were not for the demagnetizing influence of the armature 
currents. If the field is not ^iff (p. 893) or if there is iron 
in the armature, or if the armctture's reaction, as measured 
by the number of ampere-turns per pole, is too great, the 
machine will require much more excitation at full load than 
at no load. Even in the largest machines the armature 
ought not to create more than 3000 ampere-turns per pole. 
Those armatures that have the windings deep sunk between 
great teeth of iron have both great self-inductive drop, and 
great demagnetizing action at full load. For motor-driving 
alternators should be chosen which have no great inductive 
reaction. For supplying lamps in series with a ciynxtarit cur- 
rent a somewhat different type of alternator is needed, having 
considerable self-induction in the armature. This is attained 
by winding the armature coils, deeply embedded in the core, 
or wound on long core^plates to give considerable magnetic 
inertia. 

The demagnetizing influence ^ of the armature current is 
most marked when the field-magnets are weakly excited. In 
the Mordey alternator (p. 619) the field-magnet is so power- 
ful that the diminution of the electromotive-force from this 
cause with the full current is less than 3 per cent, of the 
whole, the resulting droop in the characteristic being ex- 
tremely slight. The demagnetizing action depends, however, 

^ See Esson in Electrical Beview^ xviil. 248, March, 1880. 
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on the 'pha;^e of the currents. If they neither lag nor lead, 
there will be no demagnetizing reaction, only a distortion of 
field (p. 75). But if they lag they will tend to demagnetize, 
while if they lead in phase they will help to magnetize the 
field. Swinburne ^ has discussed armature reactions from 
this point of view, and has suggested the use of condensers 
to produce an effect akin to compounding. 

Some load-curves for an alternator have been given by 
Eapp Qoc. cit.^^ and should be compared with Fig. 261, p. 
880. 

Now in an actual machine there are many armature con- 
ductors spaced symmetrically around, and these have to be 
grouped together by connecting wires or pieces. In the case 
of ring-wound armatures the connecting conductor goes 
through the interior of the ring-core, thus constituting a 
spiral^Pindinff. When we go on to those cases in which the 
winding is entirely exterior to the core, as for drum armar 
tures and disk armatures, we find that (as with continuous- 
current machines also) there are two distinct modes of pro- 
cedure, which we may respectively denote as lap^nding and 
wave-winding, * The distinction arises in the following man- 
ner. Since the conductors that are passing a north pole 
generate electromotive -forces in one direction, and those that 
are passing a south pole generate electromotive-forces in the 
opposite direction, it is clear that a conductor in one of these 
groups ought to be connected to one in nearly a correspond- 
ing position in the other group, so that the current may flow 
down one and up the other in agreement with the directions 
of the electromotive-forces. So after having passed down 
opposite a north pole face, the conductor may be connected 
to one that passes up opposite a south pole face, and the 
winding evidently may be aiTanged either to lap back, or to 
zigzag forward. 

Wave windings were independently suggested in 1881, 
by Lord Kelvin and by Mr. Ferranti. But there are disad- 
vantages in its use for high voltages, owing to the difficulty 
of maintaining the insulation between each ^^ wave " and the 

^ Journal InsU Electrical Engineers, zx. 173, 1891. 
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succeeding one. In some alternators — inolnding those of 
Fen-aiiti and Mordej — the eoila are joined in two parallels, 
not all in series, a construction which has the result of 
keeping the points of greatest potential difference widely 
apart. 

This distinction betireen lap-windings and wave-windings 
as applied to alternate-current machines, is illaatinted in 



FlO. 3S8.— ALTEaHATB-CUSRENT MACHCfE : LaP-WINDC(0. 




FiQ BBS — Altebiiate<iubbent Machdix Rnfo-wraDDfO. 

Figs. 393 and 394. Fig. 898 represents an 8-pole alternator 
with lap-winding, each " element " or set of loops extending 
across the same hreadth aa the " pitch " or distance from centre 
tocentre of two adjacent poles. Only 24 conductors have been 
drawn; and it will be noticed that the successive loops are 
alternately right-handed and left-handed. In Fig. S94 is shown 
the same alternator with a wave-winding. The electromotive- 
force of the two machines would be precisely the same ; the 
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choice between the two methods of connecting is here purely 
a question of mechanical convenience in construction and 
cost. The ring-winding using the same number of active 
conductors is shown in Fig. 895. In each case the beginning 
and end of the winding are connected to two slip-rings, which 
in these developed drawings are represented by two parallel 
lines. These therefore represent series or single-circuit 
windings. 

PolypJuMe Alternators. — The disadvantage of making the 
coils broad, which was pointed out on p. 592, was experi- 
mentally discovered by Gramme. The closer the coils in 
any one group were huddled together, the more effective 
he found them. If, then, in his machine, Fig. 876, there 
had been only eight narrow coils — one opposite each pole 
— there would have been much idle space on the machine. 
Gramme, therefore, filled up the idle space with other coils. 
The sections of the winding of this machine were, in fact, 
four times as numerous as the poles, and might have been 
coupled to feed four separate circuits. It is clear that the 
revolving poles would come past the four adjacent sections 
successively, so that the four alternating currents generated 
would differ in phase from one another. Gramme knew or 
discovered that it would not do to join all the coils together. 
He only joined together those that at any one instant were 
opposite the poles. So there were four separate circuits 
each consisting of eight coils joined up in series. And these 
four separate windings were led off to four entirely separate 
circuits, each supplying a number of Jablochkoff candles 
with current. Gramme's alternator was unquestionably a 
polyhase generator ; but there is not the slightest evidence 
that he at any time attempted to combine the currents of 
separate phases for any useful purpose, or that he knew that 
they could be so combined. On the contrary, he always 
kept the circuits separate because the several currents in 
them were not in phase with one another. No one, at that 
time dreamed of combining currents of different phase so as 
to get a rotatory magnetic field. 

It may be remarked, in passing, that in every type of 
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alternator there will be idle space between the groaps of coils 
if they are wound advantageously for single-phase working. 

If we make the armature with as many groups of windings 
as there are poles of the field we shall have a single-phase 
machine. If we make the coils twice as numerous as the 
magnetic fields we shall get a 2-phase machine. If tliey are 
three times as numerous a 8-phase machine. 

The large alternators of the installation at Faddington, 
designed by the late Mr. Gordon (which were fully described 
in the first edition of this book), are 2-pha8e machines, with 
" red " and " blue " circuits kept separate. They have been 
at work ever einoe 1S88. 



Fto. 898.— Braout's S-fhasb Oekera.tox. 

A 2-phase alternator was designed by Bradley, in 1887, 
using in a bipolar field a ring coimected at four pointa to 
four slip-rings (Fig. 896). 

As the ring revolves the electromotive-forces tend always 
towards the highest point. Two separate alternate currents 
may therefore be taken from this machine, but they will 
differ by a quarter-period or be " in quadrature," as repre- 
sented in Fig. 897. 

A S-phase alternator might have been made by connecting 
the ring to three slip rings at points 120° apart. Gramme 
indeed wound some of his rings with three independent sett 
of coils. Such a machine will yield three currents in three 
■eparate successive phases. If these were grouped at in 
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Fig. 398, we night join up the A coils together into one 
circuit (the coils being wound or connected alternately 
right-handedljr and left-handedly) ; the B coils being simi- 
larly joined Dp into a second circnit, and the C coils being 




Fto. 897.— Two Altbbkatb CnsKsms DiFFEBcia vt a 
Quarter Pebiod. 

joined into a third. It is clear that in each set the electro 
motiTe-forces would rise and fall in regular succession, and 
tiiat the electromoti re-force in B would not rise to its maxi- 
tnnm nntil after that ia A had passed its maximum and 
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waa falling. In fact the differences of phase might be repre- 
sented by the three curves of Fig. 899. Since the angular 
distance around the machines from one N-pole to the next 
N-pole corresponds to one whole " period " (p. 549), or to 
one complete roTolution of 860* on the imaginary circle of 
Reference (Fig. 851), we see til«i.t these. thre« currents will 
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differ in phase from one another by 60**. If we had a sepa- 
rate outgoing and retui'n wire for each of the three circuits, 
we should need no fewer than six lines from the machine to 
the (8-phase) motor which it supplied. But as will be seen 
(p. 669), by adopting proper methods of grouping, this com- 
plication is unnecessary, the number of lines being capable 
of being reduced to four or to three. If an earth return were 
admissible the number of actual line wires might even be 
reduced to two. 

Not only does the adoption of a polyphase winding lead to 
certain advantages in the operation of motors ; it also effects 




no. 899.— TmmE-FHASB Curbents diffebino 60^ in Phase. 

a saying in the cost of the machines. By winding a second 
set of circuits on the otherwise idle spaces on the core we 
may double the output of the machine. It will take twice 
as much horse-power to drive : it will give out twice as much 
horse-power electrically. But it will not cost twice as much, 
nor take up any more space. Goerges states that a 8-phase 
machine was found to give an output 2-73 times that of the 
same machine with a continuous-current armature. 



Construction of Alternatobs. 

Although some excellent alternators have been made of 
the thin disk type by Siemens, Ferranti, Mordey and 
Grompton, there is at present au obvious preference on the 
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part of electrical engineers for machines of oUieT ^Tpes 
whenever large outputs ara required. The racking strains 
to which the armature conductors are Bubjected render diffi- 
cult the task of giving to the thin disk the mechanical 
Btreogih it Deeds without sacrificing good insulation, or nsing 
constructions that would heat by reason of eddy-currenta. 
Hence the majority of makers use iron core-disks in the oon- 
structioa of their armatures : and whether the armature 
revolves or stands still a sunk-winding is almost universal. 

In Fig. 216 were shown some of the core-disks used by 
the WestinghousB Co. Those with a few lai^ teeth are for 
alternators. Figs. 400 and 401 show the construction. The 



FiOB. 400 and 401,— Skotion of WssnNOHonsiG Altebnatob AbkatdbIi 

coila are wound on special formers and bent into their 
places ; then secured by wooden wedge-pieces. In the 
largest machines the armature cores are built up of stamp- 
ings assembled in sections, one of which is shown in Fig. 878. 
Fig. 402 shows ft general view of a 450-kilowatt alternator of 
the Westinghouse standard type, having 30 narrow radial poles 
of elongated section surrounding an armature which is pro- 
vided not only with the two slip-rings but with a rectifying 
commutator to furnish a small exciting current. The poles 
are of laminated steel cast solid into the outer yoke. The 
armature cores have 80 teeth to correspond. In many modem 
machiues, however, the armature is fixed, and surrounds an 
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tntomallj nTolving magnet In this case the aimatnie cores 
take in general one of the two forms shown in Figs. 408 
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and 404. The pierced form is distinctively Swiss. Such 
corfr-rings are built up in segments, and may be wound ia 
various ways. For low-voltage machines stout conductors 
may be drawn in and connected up in wave-foim. For bigh 
voltages lap-windings are more U8ual,auumber of turns being 
looped tbrougb two of tbe holes situated at a distance 
apart about equal to the pitch of the poles. Brown has 
introduced the practice of arranging these end parts of the 
loops where they emei'ge outside the core rings in two sets in 
different planes. This construction, which is applicable to all 
alternators whether for single-phase, 2-phase or S-phasework, 
and to motors as well as generators, may be noticed in 
the coils in Plate XVIII. Though a detail itis of great use in 
obviating risks of short circuits. In Fig. 405 this construction 
isdisgrammaticallydisplayedtshowing how both theA set and 
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B set of windings in a 2-phase generator may be grouped so 
as to utilize for each lap two sets of holes side by side. This 
has some advantages over using single holes of very large size. 
These would interfere more with the m^netic circuit and 
tend to set up greater heating in the polar parts of the field- 



Fig. 406 shows an adaptation of the method of arranging 
the windings of a S-phase generator, so that tlie loops of tbe 
coil can still be situated in two planes. The A coils will of 
csourse be connected together in series, though they lie al- 
ternately in the inner and in the outer positions ; and so like- 
wise tbe B and C coils. 

Fig. 407 shows how the core-rings may be utilized for a 
S-phase generator (or motor) with a winding in which all 
t^e holee are not employed. This winding was osed to save 
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the necessity of making n fresh set of stamps for the cor&- 
diaks. The magnetic reactions are less, when the unused 
holes are left ia the spaces as shown, than would be the case 
if the core-rings at these parts were not pierced. 

Another variety of the same couatniction may be noticed 
in Plate XVII., where one of the sections of the core is shown 
swung outwards for cleaning. 



Fles. 406, 400, 407. 

In designing altematois the same general rules are to be 
followed as govern the design of continuons-cniTent dynamos ; 
but owing to the higher frequency of the reversals of mag- 
netism a lower density of flux — say from 6000 to 7000 — is to 
be observed in the laminated armature iron. The coefficient 
it, which comes in the fundamental formula, having been 
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determined by experiment in any given type, can be used in 
calculating machines of similar type. In calculating the ex- 
citation to be provided for the field-magnets, allowance must 
be made for the inductive choking action of the armature 
windings, as well as for the demagnetizing (p. 659) reaction 
of the armature currents ; both these causes conspiring to 
produce an ^^ inductive drop." Suppose an armature winding 
to have been calculated for 2000 volts on open circuit, at 
normal speed and field, and that the full cuiTent is to be 
20 amperes. Some experiment must be made to ascertain 
the additional volts necessary to drive 20 amperes, not only 
through the resistance of the field but against its self- 
inductance. An experimental determination of this may be 
made by measuring with a voltmeter the volts actually 
needed (at the proper frequency) to send this current through 
the armature. Another and better experimental method is 
to short-circuit the machine through an amperemeter, and 
then drive it at the proper speed with field-magnets at first 
unexcited, gradually increasing the excitation until normal 
current is reached. Then open the circuit and measure the 
volts which at such excitation the armature generates. The 
next step after having found this reactive electromotive-force 
is to reckon out the additional excitation. Suppose that the 
experiment in question had shown the reactive electromotive- 
force to be 880 volts, then since they are in quadrature with 
the eflfective electromotive-force of 2000 volts, it will be 
needful that the impressed electromotive-force at full load 
should be at least 

4/ 8802 ^ 2000^ = 2184 volts ; 

for which amount the full-load excitation must be calculated 
upon magnetic circuit principles. An example relating to a 
Kapp alternator was given on p. 656 of the previous edition. 
Asynchronous Generators. — It has been found by several 
experimenters independently — amongst them Mr. C. E. L. 
Brown, and the engineers of the General Electric Company, 
at Schenectady, New York — that asynchronous motors (see 
p. 685), whether polyphase or monophase, can actas generators 
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provided they are mechanically driven at a slightly higher 
speed than that of synchronism. But it is not possible to 
work a circuit with only one such machine to be used as a 
generator — ^it is not self-exciting. There must be an alter- 
nate or polyphase current already supplied to the mains or 
terminals. It would probably be convenient in those central 
stations where the load is apt to show very sudden increase^ 
to use one or more asynchronous generators along with other 
alternators, as the asynchronous generator might be kept 
turning as a non-loaded motor at a speed just below syn- 
chronism until required. On merely quickening up the speed 
of its engine (without waiting to " synchronize ") it will begin 
to work as a generator, its electromotive impulses synchroniz- 
ing perfectly with those of the circuit, though its speed is not 
synchi'onous. 

Examples of Altebnatobs. 

Q-ardorCB Alternator, — Gordon's alternator was described 
and figured in the earliest editions of this book. It has .twice 
as many coils in the fixed armatures as in the rotating 
magnets, there being 82 on each side of the rotating disk, or, 
in all, 64 moving coils ; while there are 64 on each of the 
fixed circles, or 128 stationary coils in all. The latter are of 
an elongated shape, wound upon a bit of iron boiler-plate, 
bent up to an acute V'^orm, with cheeks of perforated 
German silver as flanges.^ The result of thus arranging the 
coils in two sets, is that there are two distinct currents differ- 
ing in phase by a quarter period. The Paddington station, 
equipped by Gordon in 1883, was the first 2-phase station. 

Kappas Alterruitors. — The multipolar ring-armature alter- 
nators of Kapp were described in detail in the previous 
edition, and scale drawings were given of a 60 kilowatt 
machine built at the Oerlikon works. More recently Mr, 
Kapp has designed a new alternator for Messrs. Johnson 
and Phillips. The construction is shown in Fig. 408. The 

1 For further details of the Gordon dynamo, see Mr. Gh>rdon*s Practieal 
Treatise on ElectHc LigMing (1884), p. 162. 
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armature core is built up of stampioge asaembled in re> 
movable segmental blocks. Aiouod each block of core ia 
end notches ia wound a section of tbe armature coil. The 
armature consequently has considerable self-induction. The 
field-nu^et is on tbe same plan as that of tbe Lauffen 
altematora described later (p. 631), having but a single coil 
for excitation. 



Fto. 400.— SmiENS Alteskator, ■with its Excttkr. 

Siemeiu Altematon.—i&e&sK. Siemens and Halske were 
early in the field in 1878 with alternators designed by von 
Hefner Altenecfc, having a disk-armature (see Fig. 409), in 
which the coils are wound usually without iron, upon wooden 
ooiee. Copper ribbons insulated from one another by strips 
of vulcanized fibre are used for the coils ; the connections 
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bung nude by soldering the strips with silver solder, b 
■ome forme of the machine, the individoal coils are en- 
closed between perforated disks of fliin German silver. 
In cases where large currents are required, at no great 
electromotive-force, the coils are coupled up in parallel 
instead of being united in series. In Fig. 409 a ™«'i 
continuous-current machine of vertical pattern, such as was 
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described on p. 404, is shown in action as an exciting 
machine to furnish the magnetizing currents to the stationaiy 
field-magnets of the alternator. 

More recently Messrs. Siemens and Halske have returned 
to a form with-multipolar rotating field-magnet and fixed 
external armature. The large 830 kilowatt machine shown 
at Frankfort in 1891 is depicted in Fig. 410. The field- 
DU^net consists of 60 bobbins with laminated cores built 
upon tiie rim of a fly-wheel, 8-7 metres in diameter orar 
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all ; whilst the armature ring is 4-6 metres (14 ft. 9 in.) in 
external diameter. When running at 100 revolutions per 
minute, it yields 165 amperes at 2000 volts. The construc- 
tion of the armature is as follows : — A laminated ring of 60 
segments, each built up of straight iron plates stamped 
with end-projections, is held together firmly in a cast-iron 
fc.... bL.' «g»e.. Wore bfing p»t in'pUo. i. wo»d 
with 20 turns of a conductor made of stranded copper wire 
compressed to a square section, each wire in the strand 
being lightly insulated with a coat of enamel. The ring thus 
formed is 4*6 metres in diameter, and 50 centimetres in 
width parallel to the axis ; the end projections of the core- 
plates constituting 60 internal teeth. It is therefore simply 
a laminated Pacinotti ring with sections coiled alternately 
right and left-handedly. Any one of the sections can bo 
removed singly for repair. The laminated magnet-cores 
carry 76 windings each, and receive a current of 56 amperes 
at 70 volts for excitation. 

The large 8-phase alternators recently made for the 
central station at Chemnitz by Siemens and Halske, have a 
general construction resembling Fig. 406. 

G-am-ZipemowBhy Alternators^ — Various forms have been 
built ^ by 6anz and Co., of Buda-Pesth, chiefly from the 
designs of M. Zipemowsky. The general principle of these 
machines has already been described on p* 584; but some 
have been otherwise constructed. At Frankfort, in 1891, a 
large Ganz alternator was shown by the Helios Co.,^ of a 
capacity of 400 kilowatts, giving 200 amperes at 2000 volts 
at 125 revolutions per minute. The armature consisted of 40 
fHshaped punchings, like Fig. 880, surrounded with coils each 
working at 100 volts, the whole being coupled up in two series 
of 20 each. The rotating field-magnet is 299*2 centimetres 
in diameter, and 38 centimeti*es wide. The electrical efficiency 

1 See CeniraXhlattfuT Slektrotechnik, zii. 554, 18S0 ; alao Bleetrical 
Review, xv. 70, 1884 ; xvil. 115, 1885 ; Electrician, zxy. 258, 1800 ; EUctrieal 
World, xiii. 207, 1880 ; xvi. 73, 1800 ; La Lumfhre £lectrique^ zzxi. 121 ; 
and zxxii. 150 and 582, 1880. 

' See description by Mr. Esson, and cat, BUectrieal Review^ xxlx. 60S, 1801. 
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is given at 95*6, and the nett efficiency at 91*5 per cent. 
Four very fine examples of the Ganz alternator exist in the 
central station of Rome,^ each being of 320 kilowatts capacity 
driven direct at 125 revolutions per minute by separate com* 
pound engines of 500 H. P. each. They have rotating field- 
magnets with 40 mdiating poles of solid iron, the diameter 
being over 9 feet. The interior diameter of the armature ring 
frame is about 9^ feet, the core being built up of sheet iron 
and paper as described. There are 40 coils, each generating 
50 volts, all united in series, and capable of carrying 200 
amperes, the wire being 6 mm. in diameter. The bobbins 
on which the magnet coils are wound, are made of split 
rectangular zinc formers about 15 inches high and 20 inches 
wide, the windings being more numerous toward the outer 
end. The armature windings, 80 in each coil, are contained 
on vulcanized fibre frames 19 inches long, 10 inches wide, and 
2 inches deep, and are clamped in place by skeleton bronze 
frames. 

Sopkinson Alternator, — This machine has fixed external 
multipolar magnets, with a width of pole-face exceeding 
three-fourths of the pitch. The armature wires are coiled 
upon short polar projections of laminated iron having extended 
faceSr The machine is shown in Fig. 411. Its exciter is 
mounted on a bracket to run on the same shaft. 

Owing to the almost complete continuity of the iron of the 

magnetic circuit, and the high peripheral speed which the 

construction of the machine admits of, an exceedingly high 

efficiency is obtained. The following are particulars of 

machines of this type constructed by Mather and Piatt for 

the Salford central station. 

No. of poles 20 

Revolntlons per minute 450 

Ontpnt 40 amperes at 8000 volts. 

Resistance of all magnet coils in series . . . . 7' 4 ohms. 

Resistance of armature coils in series . . . . o* 8 ohms. 
Exciting current required through magnets 

at full load 10 amperes. 

Hence electrical efficiency at full load . . 08*4 per cent. 

I See description hy Prof. Fleming in the ElecMciany zzt. 317, 1800, 
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Id spite of their high Belf-induction, these machines are 
BUitahle for working in piirallel, and have bo much armature 
reaction that they can be short-circuited with perfect safetjr. 



Yia. 411.— HoFEiNSON Altbbnatob (Hathzb & Putt). 

^errard'St Alternator. — This machine, as brought out in 
1882, was hased on the joint but independent proposal of 
Lord Kelvin and Mr. S. Z. de Ferranti to substitute wave- 
windings for coils. 

Id the machine as constructed at that date,' the field- 

> See SpecifluUqa of Fftt^t, No. 8T02 of 1883 ; and for Iftter detella, Kn, 
102 of 1887. 



6 14 Dynamo-EIectru Mackinevy. 

magDet consisted of two crowns of alternate-poles, pieciselj 
as in the alternatois of Wilde and Siemens ; and the arma- 
ture consisted of strip copper bent into a waTj star form. 
There were eight loops in the zigzag (as shown in Fig. 412}, 
and on each side were 16 magnet poles ; so that the coirent 
flowing radially outward past a N-poleflowedradially inward 
past a S-pole. The copper strip was wound round on iteelf 
(with insulation between) in many layers ; the limbs of the 
star being held in place by insulated bolts passing through 
staivshaped face-plates. The advantt^ of the armature of 
zigzag copper was 
supposed to lie in its 
strength and sim- 
plicity of construc- 
tion. 

Id the later alter* 
nators of Ferranti the 
zigzag mode of wind- 
ing has been entirely 
abandoned, and the 
coils are wound sepai^ 
ately and then assem- 
bled into a disk. The 
mode of construction 
is explained by the 
%ure8 which foUow. 
Fio. 413.— FsBBAitn AsKATrntx (1883). Each coil is wound 
upon a rigid core. 
The cores are constructed of brass strips spreading fan-wise, 
with asbestos between, brazed solidly together at one end, and 
united to a brass piece drUled with an aperture A (Fig. 418). 
The winding, the inner end of which is soldered to the brass 
piece, is of ribbon copper slightly corrugated to secure greater 
rigidity, wound with a tape of thin vulcanized fibre between. 
The coils are mounted in twos in brass coil-holders, depicted 
at D, Fig 415, into which, with interposed layers of mica and 
fibre, they are secured by bolts which pass through their eyes. 
The two coils in each holder are separated mechanically and 
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electrically by interposing a piece of fibre of tbe fonn shown at 
H ; bat the holder constitutes a metallic connection from tlu 



Fio. 41S.— SiMOU; Con. or Fio. 414. 

FXB&AUTI ABIUTtlBX. COHMBOnONB OF E^BBAHTI ABXATDB& 




Fis. 415.— DETAits OP FRBKum Ajauarasm, 



eye A of tbe one to the eye A of the other. Consequently, a 
correut circulating from outside to inside of one coil most 
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circulate from inside to outside of the other. The oatside end 
of each coil is joined to the outside of the nearest coil in the 
next holder. The holders must of course he insulated, and 
yet held mechanically and firmly. For this purpose they are 
provided with a tail-piece D', of circular section, which passes 
through a porcelain bush E, and is threaded to receive a metal 
foot which is further secured by a pin passing through D'. 
The tail-piece, pro- 
tected by its porcelain 
bush, passes through 
the rim of a strong 
foundation ring, hav- 
ing apertoiflS into 
which the metal feet 
are inserted, but 
which are much wider 
and longer. The gap 
between them is then 
filled up by pouring 
in a molten compound 
of sulphur and pow- 
dered glass, which 
secures and insulates 
them. On the side of 
each coil-holder pro- 
jects a small oblique 
wing, to promote ven- 
tilation. In all the 
larger machines the 
coils are connected 
up, as shown in Fig. 
414, in two series, which are joined together in parallel. This 
grouping is effected by placing all the coils in one half cii<< 
cumference rightrhandedly, and in the other left-handedly, 
and is adopted so as to keep widely apart the coils that diSer 
most in their potentials. 

Two copper rods pass inwards from the tail-pieces of two 
of the coil-holders at opposite ends of a diameter, and are led 



Pto. 418.— Fkerahti Akkatubb, 

8H0WIN0 UODB OF MOUHUNO 
COlL-aOLDEBS. 
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to the collecting arrangementa which are moanted on the 
end of the shaft. 

Fig. 417 relates to a 225 kilowatt Ferranti alternator, and 
gives a view of half the armature and half the field- magnet. 
Here it ia seea how the copper connector \^ passes from 



Ro. 417— Fbrbakti Altsbmatob (33S kilowatts). Scale jS^ 

the coil-holder D to ntj, a holt uniting it to the collecting 
apparatus. The cut also shows how tlie field-magnet is huilt 
in two separate halves, each of which can be racked laterally 
aside hy a lever N and rack M to expose the armature for 
cleaning or repairs. The speed of this machine is 850 revo- 
lutions per minute, and the diameter of the armature 5 feet 
6 inches. 



6i8 Dynamo-Electric Mackineiy. 

Fig. 418 tepresenU on a scule of 1 : 72 the 1000 kilowatt 
alternators as used at the Deptford lighting-station. These 
machines, capable of giving 100 amperes at 10,000 volts, 
when running at 120 revolutions per minute, are driven by 
rope-gearing from engines of marine type. The pulley, 
which has grooves for 27 ropes, is nearly 10 feet in ^ianieter, 
and over 10 feet long. It is built in two parts N and Nj, 
united by bolts at a, and is keyed to the middle of the shaft 



FiQ. 418.— FxRRANn Altsrkatob (1000 kilowatts). Scale ^ 

between two bearings y mounted on pedestals which carve 
inwards at both ends. The journals are of unusual length, 
and the bearings swivel upon spherical seats. End play is 
prevented by collars at Uie outer ends of the shaft. The 
exact position of the pulley upon the shaft can be adjusted 
by a central screw collar c, turned by a handle U. This 
adjustment is rendered necessary because the armature is 
iimunted upon the end rim F of the pulley itself, o'vei^ 
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hanging the bearing; and, as the clearance between the 
armature coils and the magnet pole-faces is very small, any 
wearing of the bearings might cause the armature-coils to 
come dangerously close to the pole-faces. The coil-holders 
and porcelain bushes are shown at D and E. The magnet- 
poles are held in a large external cast-iron frame. There are 
48 poles in each crown, of alternate polarity. The faces are 
covered with caps of thin ebonite to protect against spark 
discharges from the coils. The armature coils, also 48 in 
number, are each capable of generating about 420 volts, and 
will carry a current of 50 to 65 amperes without undue 
heating. The mean diameter of the armature is 15 feet, 
and its peripheral speed is therefore 5850 feet per minute. 
The thickness at the working part is only | inch. Owing 
to the mode of driving the armature the insulated coppei 
connections must pass through the bearing, and are therefore 
carried along in a channel through the shaft. The most 
elaborate precautions are taken against the possibility of a 
stoppage arising from over-heating of the bearings. There 
is a double circulation of water and of oil. On the end of 
the shaft opposite to the collecting apparatus an eccentric 
works an oil-pump ^, which pumps oil through a filter out 
of the reservoir R under the platform, and distributes it 
under pressure to the oil-ways a in the bearings, whence it 
returns to the reservoirs. 

The alternators lately constructed by Mr. Ferranti for the 
Portsmouth central station ^ are of entirely different con- 
struction, and follow very closely the lines of Brown's 
machine, Plate XVII. 

Mordey^B Alternator. — This striking form of machine, first 
brought out in 1888, is constructed by the Brush Electrical 
Engineering Company, of London. One of small size is 
depicted in Fig. 419, while on Plate XIV. are given draw 
ings of one of the 200 kilowatt machines,^ lately erected at 
the Leicester lighting station. 

^ See IHectrician^ xxxiii. 157, 1894. 

* See The Engineer, Izxx. 67, July 19, 1895. The fignres given in plate 
XrV. hftye been reproduced from this article. 
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The characteristic features of the Mordey alternator axe 
the siationaiy thin-disk armature, and the aolid revolving 
field m^net. la the Utter, though there are two crowns o£ 
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poles between which the annature lies, all the poles on one 
side are of one kind, north poles, and all those on the other 
side are south poles. Hence there is no reversal of the 
magnetic field through the armature coils ; the number of 
magnetic lines through any coil simply varying from zero 
to maximum and back. As a result of this arrangement, 
there is a great simplification of the means needed to 
magnetize the field-magnets. One single coil surrounding a 
central cylinder of iron suffices to magnetize the whole of the 
poles. There is indeed only one magnetic circuit, branching 
into separate branches. The construction of the field-magnet 
is as follows • — 

A pulley-shaped iron cylinder, through which the shaft 
passes, forms the core, and is surrounded by the exciting coil. 
Against the ends of this core are firmly screwed up the two 
end castings (Plate XIV. Fig. 3) each of which is furnished 
with a number of polar projections varying from 9 in small 
machines to 60 in large ones, projecting toward one another ; 
the narrow polar gap between them being only just wide 
enough to admit the armature. The entire field-magnet re- 
volves on the shaft, the exciting coil being supplied with current 
from a separate machine by means of two contact rings on 
the shaft. There is no need for the exciting coil to revolve ; 
but for mechanical reasons it was deemed preferable to wind it 
actually upon the field-magnet core. The armature coils are 
of copper ribbon, wound upon narrow wedge-shaped cores of 
enamelled slate, and insulated with a thin tape between the 
turns. Each coil is held in a German silver bracket embedded 
in ebonite and firmly clamped to the exterior frame. All 
the metal clampings are outside the magnetic field, and are so 
arranged that any one coil can be removed in a few minutes 
without dismounting any other part of the machine. 

As the armature is stationary there are no centrifugal 
forces to be considered, and the coils have to be supported 
only with a view of resisting the tangential drag of the field. 
The revolving field-magnet forms an excellent fly-wheel, 
and as there are no parts liable to fly out, a high speed of 
driving presents none of the difficulties that arise with many 
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other types of machine. The journals are furnished with a 
shoulder to limit end-play, and the bearing blocks are made 
adjustable longitudinally, so that the field-magnet may be 
placed exactly symmetrically with respect to the armature. 
The electromotive-force is 1 volt per 8i inches of conductor. 
The very low resistance of the armature, and almost complete 
absence of armature reactions, makes the machine almost self- 
legulating, a point of some importance for parallel running, 
and for operating motors. 

In some cases a small continuous-current machine is 
mounted on the same shaft as shown in Fig. 419, to excite 
the field-magnets. 

Owing to the excellent conditions of ventilation, it comes 
about that the limit of current-density is not fixed by risk 
of overheating, but by considerations as to efficiency and 
self-regulation. Tlie amperage at full load is no less than 
8300 amperes per square inch. Loss by hysteresis there is 
none, owing to absence of any armature core. The eddy- 
currents in the conductor are trifling ; the copper tape needing 
no further lamination. The coil-holders, moreover, are of 
German silver, the high specific resistance of which alloy 
reduces the losses by eddy-currents to -^th or gV^ ^^ what 
they would be if brass were used. A proof that the waste is 
almost entirely confined to the C^ r loss is afforded by the 
fact that a 75 kilowatt machine when driven on open circuit 
but excited to give its full voltage, only absorbs 8 H.P., 
the armature keeping quite cool. It is a curious point that 
in these machines the losses due to friction, hysteresis and 
parasitic currents, though moderately great at low loads, are 
not only proportionally but actually less at full load. Machines 
which show very great losses at low loads are uneconomical 
for central station work. 

The construction of this alternator is more completely 
shown in Plate XIV., which depicts the machines erected in 
the Leicester central station. In its general features it is, as 
already seen, similar to the machines made by the Brush 
Company for some years, but with certain detail modifications. 
An end elevation, partly in section, is shown in Fig. (1) ; a 
side elevation in Fig. (2) ; a part section of the field-magnet— 
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to a larger scale — ^in Fig. (8) ; side and end views of an arma- 
ture coil — to a larger scale — in Figs. (4) and (5). The armature 
is stationary, and consists of 120 coils mounted in ebonized 
German silver clamps — see Figs. (4) and (6) — secured to the 
armature ring by bolts passing through slotted holes in the 
flangQ of the ring — see Fig. (5). The armature coils consist 
of thin copper ribbon wound with suitable insulation round a 
slate core. Down the middle of the slate core a number of 
small slotted holes are drilled, these holes serving for a lacing 
of hard-tanned cord which is put round the coils under 
pressure after they have been covered with a thin layer of 
mica and tracing-cloth, the object of which is to prevent a 
sparking to the poles and to earth. They are set radially 
round a gun-metal ring, which is bolted to a cast-iron frame 
divided into four sections, two of which are below the floor 
level ; each section is pivoted on end girders of cast iron, and 
can be readily swung back for inspection or repair of the 
coils. An equalizer is placed in one of the girders, as the two 
halves of the armature are connected in parallel. The field- 
magnet consists of massive steel castings with 60 pairs of polar 
projections, and is excited by one central coil provided with 
two gun-metal collecting rings mounted on the shaft, and the 
whole rotates in ample swivel bush bearings. An examination 
of the section of the magnet — seen in Fig. 8 — ^will render 
description almost unnecessary. The field winding is an 
annular coil wound directly on the annular cast steel core, the 
winding being separated into two portions, leaving a radial 
space the whole way round. A number of conical radial air- 
passages allow a very free supply of air for ventilating and 
cooling purposes to pass from the hollow hub quite through 
the field winding, and over the armature which stands in the 
air-gap between the polar extensions. The magnet will be 
seen to consist of two cheeks secured by bolts and circular 
keys to the inner flanged magnet core. In smaller sizes of 
machines these cheeks are cast steel, each in one piece, but in 
the machine illustrated, and in all the larger machines, each 
cheek consists of two pieces, divided as shown. The armature 
ring is divided into four portions hinged at the ends of the 
machine near the horizontal diameter. This arrangement 
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allows of any one quadrant being readily withdrawn for 
purposes of examination, or cleaning, or repairing. In Fig. (1) 
is shown a quadrant standing out from the magnet in this 
way. The whole of the armature coils are accessible without 
removing any part of the machine, because there is a gap 
between the adjacent poles on either side, rather more than 
equal to the width of one armature coil. Thus, in any 
position, half the armature is accessible, and by moAring the 
field-magnet round very slightly, the other half becomes 
accessible. This facilitates the ordinary cleaning work, while 
for periodical examination it is easy to withdraw the arma- 
ture quadrants as shown. End play is limited by taking the 
thrust on a shoulder on the shaft bearing, on the inside end 
of each bearing. The lubrication is effected by means of a 
small oil pump of the Roots' blower type, seen in Figs. (1) and 
(2) at the side of the machine. These machines work at 96 
revolutions per minute, having an output of 100 amperes at 
2000 volts. The smallness of the armature reactions may be 
judged by the circumstance that if the excitation is kept 
constant, the voltage rise fi-om full load to no load is only 
7 per cent. 

A number of Mordey alternators of 750 kilowatt output 
were constructed by the Brush Co. for the City of London 
lighting station. 

Mr. Mordey has designed^ a considerable number of alternative 
forms, all characterized by the combination of the two principles 
of simplicity of magnetic circuit and non-reversal of polarity in 
the armature. Some designs for machines of kindred type have 
been patented by W. Main.^ 

ParBOUB^ Alternator. — This is a high-speed machine of bi- 
polar or tetrapolar type designed for running at 8000 to 10,000 

1 Specification of Patent, 8262 of 1887. 

^ Specifications Nos. 15,858 and 16,032 of 1887. The device of employing 
field-magnets with a greater number of pole-pieces than of exciting coils had 
been previously employed by Holmes (Specification 2060 of 1868)» and more 
recently by J. and E. Hopkinson. Another machine, by Elimenko, shown 
at Vienna in 1888, had a fixed armature with iron cores between the poles 
of a revolving field-magnet, with multiple pole-pieces. 
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revolutions per minute, when coupled to the special high-speed 
steam tiu'bine ^ of the same inventor. Hence it is sometimes 
known as a turb(Hzltemator. This combination has lately 
come into notice owing to its possessing the qualities not only 
of a good efficiency, but of an almost complete freedom from 
mechanical vibrations. It has in consequence been adopted 
for city lighting stations in various parts of England. It 
occupies less space than any other form of combined plant. 

Plate XV. gives a scale drawing of a 850 kilowatt turbo- 
alternator of the same design as those used by the Metro- 
politan Electric Supply Co. in their centi-al station, Man- 
chester Square, London. The armature consists of laminated 
iron, the core-disks measuring 18 inches outside diameter. 
There are 60 holes around the circumference, through 40 of 
which are passed conductors. Thus there are virtually only 
two coils, with 10 turns in each, and yet so great is the 
speed that a pressure of 1000 volts is generated. The 
machine having four poles, a speed of 8000 revolutions per 
minute gives a frequency of 100 per second. The governing 
of the machine is accomplished as follows. Steam is admitted 
to the turbine in a series of gusts by the periodic opening and 
closing of a double-beat lift-valve, the valve being opened 
once in every 15 revolutions. The duration of each gust is 
controlled by a solenoid which is connected as a shunt to 
the field-magnets. The field-magnets being excited by a 
small continuous-current machine on the same shaft as the 
alternator, the pressure at its terminals is a measure of the 
speed. The regulator, which will be seen in Plate XV. on 
the top of the magnets, operating a long lever reaching to 
the valve in question, has a series coil as well as a shunt coil, 
the effect of which is to increase the speed at heavy loads so 
as to keep the pressure constant. At full load the gusts 
become blended into an almost continuous blast, the lift-valve 
closing only momentarily or not at all. The action of this 
governor is most satisfactory. The consumption of steam is 
only 25 lbs. per kilowatt-hour at full load, and with super- 

^ See Electricianj xz. 108, 1887 ; and Proc. InaL Civil Engineers, xcvil* 
Feb. 1889. 
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heating it can be still further reduced. The total weight of 
this plant, including turbo-alternator, exciter and bed-plate, 
is about 12 tons. The copper in the armature weighs 58 lbs. 

GeneralMectrio CoJ*8 Alternators. — The Thomson-Houston 
alternators with stationary external magnets and internal 
revolving armature were described in the previous edition of 
this work, where also an illustration was given of the " com- 
posite " method of excitation. These were high frequency 
machines of 133 cycles per second. Some of these alter- 
nators, of 500 kilowatt output at 100 periods per second, 
have recently been furnished to the City of London lighting 
station, where they are direct driven by Willans triple- 
expansion three-crank engines. The same company has lately 
developed a low-frequency alternator operating on an un- 
symmetrical 8-phase plan, termed the " monocyclic " system,^ 
the third circuit being merely intended for starting motors. 

WeatinffhoiLse CoJs Alternators. — These have already been 
generally described. At the Chicago Exhibition in 1893 
were shown some large 2-phase alternators. They resembled 
Fig. 402 in general design, but were virtually double 
machines, having side by side two similar field-magnets, each 
of 86 poles, and within two similar armatures upon the same 
-shaft. But the armatures were " staggered" ; that is to say, 
they were so mounted that one of them had an angular ad- 
vance over the other equal to one-half the angular breadth 
from a N-pole to a S-pole. By merely shifting the second 
armature the same machine might be used as one single-phase 
alternator. In this case the adoption of a 2-phase system is 
not accompanied by any economy of space or material in the 
machine. These alternators are of 750 kilowatt output, 
running at 200 revolutions a minute, and having a frequency 
of 60 periods per second. 

In its more recent polyphase machines ^ the Westinghouse 
Company has adopted a " distributive " winding (p. 581) of 
the armature. It also constructed the Niagara alternators 
described below (p. 636). 

1 Electrical Worlds xxv. 182 ; VEclairage Slectrique, lii. 162. 
« lb. xxy. 713, 745, 1895. 
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AUgemeine Co 't Alternators. — The AUgemeineMektricttSt*- 
Geaelhchaft of Berlin has developed the 3-phase system ia ita 
alternators, from the designs of Mr. Dobrowolsky. Fig. 420 
illostrates a Drehatrom generator of 89 kilowatts, with fixed 



"FiQ. 4M. — Alloeuzine Co. 'a 8-f&ase AutebkatoBi 

external radial poles, and a revolving armature with sunk 
wave-winding. 

The large 3-phase inductor alternators made by this com- 
pany for the Strassbuig lighting staUon are considered 
later. 

Oerlikon Co^a Altemaiort. — ^In 1890-91 this company 
constructed from the designs of Mr. C E. L. Brown the 
3-phase alternators for Lauffen on the Neckar. They were 
intended for supplying current to the town of Heilbronn, eix 
miles away, but were £rst employed in the now fatuous 
historical transmission of power from LauSen to Frankfort, 
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a distoDce of 110 miles, on the occasioa of the Frankfort 
Exhihition. Though propelled by vertical-shaft turbines, the 
alternators have horizontal axes driven by toothed wheel 
geaiing. They have revolving internal field-magnets with 
an external armature with zigzag arrangements of conductors 
I passing through holes in the core-rings. Fig. 421 gives a 
general view, whilst Fig. 422 shows the field-magnet after the 



Fki. 421. — Thbxb-fhabb Altsbnatob used at Lacitbh. 

annature has been slid away for inspection. The machine 
generates three currents, each of 1400 amperes at a pressure 
of 60 Tolta ; taking 300 horse-power when running at 150 
xeTolutiona per minute. The armature has an external di- 
ameter of 189-4 cm. (nearly 6 feet) and an internal diameter 
of 176-4. The total thickness of core-rings, parallel to the 
Bhaft, is 88-0 cm* Around the inner peiipheiy of the core* 
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rii^ are 96 circular holes 33 mm, in diameter at distances 
of 60 mm. apart. Each of these holes is lined with a tube of 
asbestos, and through each passes a solid copper rod 29 mm. 
ia diameter. The core-rings, built up of segmental stampings, 
are assembled in a strong cast-iron frame. The winding, If 



Fia. 423.— FlELI>-lUaNET OF S-PBASB ALTXBMATOB AT LAUTFEN. 

such it can be called, is in three independent zigzags of 82 con- 
ductors each, connected according to the following scheme : — 

Set A, 1, 4. T, 10, .... 91,94. 
Set B, 95, 92, 89, 86, . . . 5, 2. 
Set C, 93, 90, 8T, .... 8, 96. 

The ends of Nos. 94, 2, 96, are connected to a common 
jonction J, while Nos. 1, 95 and 93 are severally brought out 
to Unee external terminals. This constitutes a atar-winding 
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(p. 669) ; the general arrangeineiit being illofitrated in 
Fig. 428. 

The gap-space between the armature core-ring and the 
pole-facea of the field-magnet is 6 mm. This field>magnet 
has 32 poles. It is of great solidity and simplicity, having 
but a single m^netic ciruoit. The exciting coil ia wound in 
a channel on the peripheiy of a sort of pulley of cast iron, 
to which are bolted two steel rims, • each carrying 16 polar 
expansions or honis. Each of the polar faces has an area of 
86 X 16 sq. cm. The channel is 18 cm. wide and 9 cm. deep. 
In it lie 496 windings of copper wire 5 mm. diameter. A 



no. 1S8.— DxTXLOFSD DiACSUK OF WiKiaiia or 8>phask Altebmatob. 

section of this channel is given in F^;. 424 ; and Fig. 425 
Qlustrates the way in which the polar horns project inwardly, 
the K-poles between the S-poles over the exciting coils. This 
anangement reduces the cost of construction and of excitation 
to a minimum. In fact, on open circuit only 100 'mitts are 
spent OQ excitation — one-twentieth of one per cent of the out- 
put ; and at full load, when the armature reaction is a maxi- 
mum, it is stall far less than one per cent. This excitation is 
furnished by a small separate dynamo. The exciting current 
is oonveyed to the rotating part by means of flexible metallic 
oords numing over insulated pulleys, in lieu of the usual 
o<ntaot lings and brushes. At full speed and normal voltage, 
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the lo38 by friction and hystereeis is S600 watt«, or under 
1-7 per cent, of the maximum output. The loss by resist- 
ance of armature windings at full load is 8500 watts, making 
the commercial efficiency over 95 per cent. The heating 13, 
in the total absence of eddy-currents, quite negligible. Tlia 
weight ifl 4J tons. As there are 16 pole-pairs and the 
speed is 150 per minute, the frequency is 40 periods per 
second. The electromotive-force, generated in each of the 
three windings, as measured between the common junction J 
and the outer terminal, could be increased up to 56 volts. 



The same design waa repeated, with the difference that 
the Bhaft was set vertically over the turbines, in the three 
machinefi made by the Oerlikon Co. to convey power to their 
works from Ifochfelden, 24 kilometres distant. They are 
depicted in Fig. 511. 

A more recent 3-phaae generator of the Oerlikou Co., 
shown in Fig. 426, has a revolving field-m^net of the same 
type as the preceding machines; but the armature is lap- 
wound, the coils passing through slots in the laminated 
external core. The exciter is carried on a bracket at the end 
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Sii the machine. Thia machine has an outsat of 22 amperes 
at 5000 volte, at 500 revolutions per minute, taking about 
160 H.P. 

Brown's Altematort. — Since 1891 Mr, C. E. L. Brown has 
continaed to develope the vertical-shaft type of generator 
which he introduced when constructor to the Oerlikon Co. 
Fig. 427 gives a general view of an alternator of the " um- 
brella " type, with revolving intemal field-magnets, hung upon 
a six-armed spider. The external core-rings have perforations 



no. 496.— Thbee-fhasb ALiXRNAioa or the Osbueon Co. 

as in Fig. 421, through which in low-voltage machines pass 
the stout copper conductors coupled up in zig-zag very much 
as in Brown's coQtinuous-current drum-armatures. Thetwo- 
layer^winding Is excellent for this type of machine. In high- 
voltage machines the coils are wound in a lap-winding on plans 
resembling Fig. 405 or Fig. 406 according to circumstaQoes. 
A large number of the machines are now in operation. 
One of these machines, a S-phase generator, has for some 
years done excellent work at Schonenwerth near Aarau in 
Swits^rhtnd, fiirqisblng current for motors in a large shoe 
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&ctory. More recently the town of Aarau has been provided 
vith a central station which derives its power from the waters 
of the river Aar by means of turbines ; the generatoi-s being 
of the same type. 

To the Niagara Cataract Construction Company, Mr. Brown 
submitted two designs of " umbrella " type, with revolving 
field-magnets, for alternators of 5000 H.P. One of these 
designs is reproduced in Plate XVI., and shows the 2-layer 
winding in the stationary annature, together with the arrange- 
mente for lubrication. 

In recent years various forms of polyphase alternators 
have been introduced by Messrs. Brown, Boveri & Co. Some 
of these machines present no special feature to distinguish 



Fia. 4S7.— Beown's ■' Umbrella" Type of Alternator 

them from ordinary alternators beyond having the coils of the 
armature airanged in sets of twos or threes to correspond to 
S-phase or 3-phase work. 

Recently Mr. Brown has adopted a form of revolving field- 
magnet having a series of outward-pointing radial poles, with 
the peculiarity that only alternate poles are wound with 
exciting coils, the intermediate ones being simply projections 
of cast iron of larger cross section than the intermediate 
cylindrical cores that receive the coils. He finds that for 
operating motors it is needful to employ a field-magnet less 
Bubjectto armature reactions than the form used intbeLauffen 
alternators. Fig. 428 shows one of his 2-phase alternators 
of 800 H.P., in which this system of field-magnet winding 
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19 illostrated. The armature of this machine ia of the same 
general construction as the stator of the 2-phase motor 
shown in Fig. 470, the only real difEerence between the two 
machines being that the one has a ssparately excited field- 
mt^et, I'clativelj to which the poles remaiu fixed, and the 
other has a rotor In which the poles chauge la position. 



Fio. 438.— Two-FHASE Altebnatob (335 En^OWAi^ 

For the central station at Frankfort, Mr. Brown designed 
the five 550 kilowatt alternators, driven at 85 revolutions 
per minute. In these machines (Fig. 429) the projecting 
poles of the revolving mt^ets are each separately wound, 
the excitation being derived from a continuous-current 4-pole 
machine on the end of the shaft. A point of novelty in the 
design is tiie construction of the stationary external armature 



Alternators. 



^35 



as a wheel capable of being slowly turned round so as to 
bring each part to a position convenient for inspection and 
cleaning. 
Plate XYII. gives the drawings of a smaller alternator of 
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similar design, in which can be seen the way in which the 
armature cores are constructed in hinged sections, allowing of 
being removed for cleaning or repairs. 

Alioth Convertible Altematara. — Messrs. Alioth & Co. of 
Miinchenstein near B&le, have recently constructed several 
4000 volt. 300 H.P. alternators for a power station at 
Neufch&tel, which are intended to be convertible at will, 
either into monophase or triphase machines. Fig. 430 gives 
a section of one of these machines parallel to the shaft, 
showing the exciter on the left and the detail of the self- 
oiling bearings. The field-magnet, as seen in Fig. 431, has 
nine pairs of poles and is of the same general construction 
as the field-magnets of the machines shown in Figs. 408 and 
424. This magnet is interchangeable with one having six 
pairs of poles, in case the machine should be required as a 
3-phaser. The crowns of poles are of mild cast steel with 
laminated faces. The armature coils, 18 in number, are 
wound on formers, and then slipped over the laminated iron 
projections. Connected in two sets of nine each they yield 
a monophase current, but when three sets of six are joined 
in star fashion the machine is a very efficient 8-phaser. 
The power station supplies both single-phase and 3-phase 
current, and it is convenient to have the machines convertible. 

77ie Niagara Alternators.^ — ^When the project of utilizing 
the water-power of Niagara by turbines was taking shape, 
the Cataract Construction Company invited many different 
manufacturers in Europe and in America to submit plans. 
The machines were to be of 6000 horse-power, driven by 
turbines making 250 revolutions per minute. Many of these 
designs were extremely good ; nevertheless it was determined 
to have the machines manufactured in America, owing to the 
high tariff charged on imported goods, and to the cost of 
transport. Some of the designs (including those of Mr. Brown) 
were of the " umbrella *' type, but for various reasons (turning 
mainly upon the constructive difficulties arising from size and 
speed) Professor Forbes and Mr^ Coleman Sellers were in- 

^ For an illustrated description of the works carried out, see Ca99ier*8Mag(k' 
zine (N. Y.), July 1895. Figs, 432 and 438 are taken from the article by Mr. 
StiUwelL 
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structed in May 1893 to get out further plans for alternators 
of the proposed type. Professor Forbes fixed upon an 
externally-revolving umbrella field-magnet, with inwardly- 
pointing poles held together by an external annulus of eteel, 
as possessing both great strength and a large dy-wbeel action. 



At first he prepared designs for a 2-phase machine, having 
the low frequency of 16J periods per second, with 8 poles. 
Eventually, after the Westinghouse Company had been 
selected as manufacturers, it was decided to fii the frequency 
at 26, and to wind the armatures for 2000 volts. The drawings 
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publislied by Professor Forbes * relate to the earlier design, 
and have certain complications about the armature which 
became unnecessaty when it was decided to keep thoToltage 
at 2000. 

The machiues as actually constructed are shown in Figa. 
432 and 433. The field-magnet consists of a nickel-«teel ring 



Fio. 43S.— Plas or Niaoaba 5000 H.P. 2-Pbabe Qzhx&atob, 

forged without a weld, towards the interior of which project 12 
pole-cores. This is supported by an umbrella^baped driver 
fixed to the top of the shaft. There are 187 slota in tlu 
armature with two conductors in each slot Each coodnotor 

1 Journal /net. MkMciA £n0fne«r«i ITor. UH» 
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is \\\ inches by ^ in section, with slightly rounded edges. 
'i1ie method of connecting up is seen in the drawings, as also 
the method of bolting the laminated iron to the cast-iron 
fi-ame of the armature. Around the hub of the bearings 
grooves are cut (shown in dotted lines) which permit water to 
circulate and keep the bearings cool. 

Constant-Cfrrent Alternators. 

A variety of alternators for supplying currents of an 
unvarying number of virtual amperes for the purpose of arc- 
lighting in series has been evolved in the United States ; the 
principal forms being those of Stanley ^ and of Heisler.^ The 
principle of these machines is to so construct the armature 
that it has great self-induction. This is accomplished in the 
Stanley constanlrcurrent alternator by using in the armature 
\ fine wire of many turns wound deep in nicks in the core 
disks. 

Ikductor Alternators. 

In the inductor type of alternator none of the copper con- 
ductors move, the only moving parts being masses of iron 
whose motion sets up variations in the magnetic flux. This 
principle, suggested by several early workers {%ee Historical 
Notes, p. 11) was revived by the author of this treatise in 1883.* 
During the last two or three years much progress has been 
made in the application of machines of this type. 

KingdorCi Inductor Alternator, — ^In this machine the 
inductor principle is applied in the following way. A ring 
having a large number of internally projecting poles is en- 
tirely built up of laminsB of soft iron. As shown in Fig. 434, 
the alternate poles A are wound with coils to serve as arma- 
ture parts, whilst those between them F are wound with other 

1 Electrical World, xv. 46, and xvl. 339, 1890 ; also The Electrician, xxlv. 
623, XSY. 145, and xxvi. 20, 1890. 

« Electrical Review, xxv, 207, 1889. 

* Specification of PatenU, No. 1639 of 1883, which led up to Hr. King- 
don's form, see Electrical Betievo, xxii. 178, 1888. 
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ooils to act as the magnet part. Upon &n intern^ wheel ai-e 
borne massea of laminated iron F, which in rotating produce 
rapid periodic revei'sals in the magnetic polarity of the cores 
of the armature parts, and setup alternate currents in the 
coils that surround them. 

In the 50 kilowatt machine there are 16 field-magnet or 
primary coils, and 16 armature or secondary coils. The in- 
ductor wheel carries 16 inductor blocks, each just long 
enough to span the width of two successive coils on the poles 
of the outer ring. Its diametev is 4 feet 5 inches, and 
breadth 12 inches ; speed 350 revolutions per minute. 



Fio. 4S4.— KraoDon'B Indcctob Altebn&tob. 

Mordey'i Inductor Alternators. — In 1888, Mr. Mordey 
designed ^ several types of inductor machines, which were 
described in the previous edition of this work. In some of 
these machines there was but one primary winding, and in 
others both primary winding and secondary winding consisted 
of a single annular coil each, though the polar projections 
were numerous. These machines may be looked upon as an 
apparatus for periodically varying the mutual induction be- 
tween two circuits in one of which there is a steady current. 

StanUy-Kelly Inductor Altemator». — The Stanley-Kelly 
Co., of Pittafield, Massachusetts, has brought to great per- 
fection a 2-pha8e alternator, havii^ rotating inductors of cast 
steel with laminated polar projections. The armature part 
closely resembles Fig. 47T, which shows the stationary part of 
a Stanley-Kelly motor. 

1 Spodficatlon of VwlaA, No. 6182 of 1888. 
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Slihu ThotMon^i Inductor Alternator. — This machine vna 
described and figured in the previous edition of this work. 
The iDductoT was a simple toothed wheel, built up of lam- 
inated disks mounted on a cylinder of iion. 



Pikt and SarrUi't Inductor AUemator. — This compact 
fonu, which has been very successful for small machines, is 
depicted in Fig. 485. The primary or magnetizing coil is an 
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internal helix wound with its plane at right angles to the 
shaft, surrounding a central pole, and is surrounded by an 
external iron mantle. Two laminated rings with toothed 
projections support two sets of secondary or armature coils 
seen in the figure. On the shaft is fixed a revolving carrier 
which supports the laminated inductor masses. The solid 
part of the field-magnet acts also as a bearing. The 6- 
kilowatt machine runs at 740 revolutions per minute. It is 
21 inches high, and weighs 850 ^logrammes. 





Fio. 487.— Indxjciob of 

DOBBOWOUiCV^ AUIKBNATOR. 



Fig. 436.— Section of Dobbowoi£kt*8 
Inductor Alternator. 

AUgemeine Co.^8 Inductor Alternators. — Two types of in- 
ductor machine have lately been constructed from the designs 
of Mr. Dobrowolsky.^ The first, which closely resembles the 
Stanley-Kelly alternator, is represented in Figs. 486, 487 and 
489. The magnetic circuit passes through an external iron 
case and two armature core-rings A A built up of stampings 
with teeth surrounded by coils, and is completed through the 
yokes J J of the revolving inductor, which is shown sepa- 
rately in Fig. 487. For 8-phase machines the teeth of the 



' EUktrotechnUche Zeitsckrift, Feb . 7, 1806 ; see also Meetrieian^ zzzr. 91. 
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fixed armature part are three times as numerous as those of 
the inductor, as shown in Fig. 43S ; but pierced core rings 



' Ro. 438.— ESD-TIEW OF S-PHASB iNDCtTTOB AltkBNATOB. 



no. 489.^rHBBB-PHASB INDTJCTOB ALTEBHATOB AT STOASSEDBCt. 

like Fig. 406 may be iised. The la^ 280 kilowatt altei* 
natois built by the Allgemeine Go, for the central station at 
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StrassbuTg, are of the same type as the Pyke and Harris 
machines, haying laminated inductor masses P, Fig. 439, 
revolving between two armature core-rings. Their speed is 
150 revolutions per minute. The excitation is 1-4 per cent, 
of the output ; the armature resistance loss is 2 per cent., and 
total hysteresis loss is 1*3 per cent. The copper used is only 
2 kilogrammes per horse-power, and the iron, excluding shaft 
and bearings, about 22 kilogrammes per horse-power. 

BrowfCB Z-Phase Indiictar Q-enerator, — This is a machine 
constructed to meet the requirements of high speed with low 
frequency. The inductor magnet is simply a mass of cast 
steel having on each end a set of 4 arms, which, by the mag- 
netizing action of a stationary coil between them, acquire 
opposite polarities. As shown in Fig. 440, these arms are 
set to operate alternately upon the coils of the fixed armature, 
which has its windings carried through holes in the inner 
periphery of two sets of core-disks mounted in an outer iron 
frame. 

Other Inductor Machines. — Amongst other designs of in- 
ductor types may be mentioned those of Mr. Rankine Ken- 
nedy and M. Thury. The largest of Thuiy's alternators, 
which are built by the Compagnie de Tlndustrie ^lectrique, 
of Geneva, are those at Chdvres, six kilometres from Geneva, 
where the water-power of the Rhone is used for the lighting 
of that city. These machines, which are of about 900 kilo- 
watte each, are two-phase machines with vertical shaft. 

The reason of the tendency which manifests itself just 
now to favor the inductor type of alternator is not very ap- 
parent. Against the advantage that there is no moving 
copper, must be set the disadvantage of greater iron losses. 
In general, the efficiency of these machines is two or three 
per cent, lower than that of alternators of other types. They 
have, however, some constructional advantages in those cases 
where either an exceptionally high speed or an exceptionally 
low speed is a necessity. 
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CHAPTER XXIV. 

THE COUPLING OF ALTEBNATOBS. 8YNCHB0N0XTS 

MOTOBS. 

If two altemate-cuirent machines are joined up in the same 
circuit as in Fig. 441, they are in parallel when considered as 
forming part of the lamp circuit, and might be both supplying 
current to the lamps, but they are in series with one another 
if we consider the alternator circuit only, for we might cut 
the lamp circuit out altogether 
and A 2 might drive A 2 as a 
motor. Many of the con- 
siderations which govern the 
running of two machines as ppp^-p 
genei*ator and motor govern 111,111 
the running of two machines 
in parallel. We shall, there- 
fore, up to a certain point treat 
the two cases together, and in 
doing so consider the alteiv 

nator circuit only, taking a certain direction round the circuit, 
viz. clockwise in Fig. 441, as the positive direction of electro- 
motive-force and current. We may as well emphasize here 
the importance in all alternate-current problems of clearly 
stating what is meant by the positive and negative sense of 
the quantities considered, as the utmost ambiguity and con- 
fusion arises in many important contributions to the subject 
owing to the neglect of this precaution. 

The simplest conception of two-alternate-current machines 
in series is that of a closed conductor ah c d^ Fig. 442, near 
different points of which two magnets rotate so as to cause it 
to cut their lines. The part a h may be considered as the 
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middle conductor of an alternator coil. The change of position 
of the field-magnet of an alternator with regard to the centre 
conductor of one of its coils is represented by the angle 6 in 
Fig. 442. All the phase relations of the magnet's position, 
the electromotive-force, and the current, can be seen from this 

figure; and the full 
\^ \ e theory (so far as at 

y ^ ^^ present known) of the 

=L>^ synchronous motor 
can be deduced from 
it by the aid of a few 
^^* *^' graphic diagrams. 

First of all con- 
sider that the magnet A, only is rotating. The electromotive- 
force e^ induced by it, we will say, varies according to 
the law 

«j = Ej cos©, 

and may be represented by the projection upon a vertical line 
of the line O E^i drawn to scale to represent the maximum 
electromotive-force E] and which is supposed to rotate clock- 
wise about O in Fig. 443. If the self-induction of the whole 
circuit is L and the resistance R, we would have from previous 
considerations (see p. 562) the current lagging by the angle ^ ; 
the vertical projection of R C at any moment representing the 
electromotive-force which is in phase with it. Observe that a 
line drawn above the axis of X represents a positive electro- 
motive-force or current, that is, an electromotive-force or 
current round the circuit in the direction indicated by the 
big arrow-heads in Fig. 442. The alternating current flowing 
along e d would tend alternately to turn the magnet A, 
clockwise and counter-clockwise so that it would not start, 
but if we artificially run it up to the speed of A^ it will, under 
suitable conditions, keep on running in synchronism with A^ 
and exercise considerable torque. These conditions we have 
to consider. Let us say that at a certain instant the magnets 
are in the position shown in Fig. 442. The electromotive-force 
generated in c ({ will be negative in sense and its magnitude 
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will depend on the strength of the magnet A2* Suppose in 
the first place that the two magnets A| and A^ are of the 
same strength, then the electromotive-force which each will 

induce in the circuit will be represented by the lines O E^ and 

O E2 in Fig. 444 (O E2 at the moment we are considering 
being negative). The two E.M.F.'s being equal and opposite, 
the resultant E.M.F. in the circuit will be zero, and there being 
no current to drive A^ the friction of its bearings will slow it 
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Fig. 445. 



down so that it gets behind A ^ in phase. The electromotive- 
forces may then be represented by O E^ andO Eg in Fig. 445, 

and the resultant electromotive-force will beOEj . The phase 
of the current will depend upon the self-induction of the circuit. 
If there were no self-induction in the circuit the current would 

be in phase with O E, and its magnitude would be > 

R 

Now we have seen (p. 571) that when a current from an 

ivltemator differs in phase from the E.M.F. by less than 90* 
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the alternator is acting as generator and requires a force to 
drive it. If, on the other hand, the difference in phase between 
the current and E.M.F. is more than 90° (viz. between 90** and 
270"^) the machine acts as a motor and yields a torque. In 

Fig. 445 the difference in phase between O E3 and the electro- 
motive-forces of both Ai and A^ is less than 90°, so that both 
machines will act as generators, and A, having no torque to 
drive it will stop. If, however, there be considerable self- 
induction in the circuit so that the current lags behind the 




)iio 446. 



Fig. 447. 



FiQ. 448. 



resultant OIB3 as shown in Fig. 446, where the line R C 
represents the phase of the current, then as the angle between 

it and O E, is greater than a right angle, the machine A ^ will 

act as a motor. If we let fall the perpendicular C D upon the 

direction of E^ O we obtain line O D, which divided by the 
resistance represents the component of the current which is in 

direct opposition of phase to E,, that is, the pai-t of the 
current which is operative in driving A, as a motor. The 
power developed by A^ is proportional to the product 
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O D • O Ej. As the lines in the figure represent the 
maximum values of the E.M.F. and current, the power is 

Q T\ Q g 

equal to -- — \^ (see p. 567). The magnet of A, would 

be displaced behind the magnet of Ai just so much as to cause 
O D to be suflBciently great to exert the required torque. 

So far we have considered the E.M.F. of the machines 
as equal. If we excite the magnet A^ until it is stronger than 
A„ so that Ej is greater than E,, then we may represent the 
state of affairs in Figs. 447 and 448. Fig. 447 shows what 
would happen if the self-induction were small as compared 
with the resistance.^ The resultant E3, and therefore the 
current, is more than 90^ out of phase with E,, a great torque 
results which makes the magnet of A, go faster than Ai until 

it gets just so far in advance of it that O D is diminished to 
an amount which will give the required torque and no more. 
Thus we see that the effect of having the motor under- 
excited is to make its magnet lead in phase, while the effect 
of self-induction is to make it lag. If there is considerable 
self-induction in the circuit (as is usually the case, particularly 
with alternators with iron in the armatures), the phase 
relations of the various E.M.F.'s are those shown in Fig. 448. 
This may be taken as representing the most usual case of 
transmission of power by means of a synchronous motor; 
the effect of the self-induction in the circuit is to enable the 
motor to yield considerable torque whether its magnet is 
under or overexcited. Let us consider more exactly what 
happens when the excitation of field-magnet of the motor 
is varied, the load on the motor remaining constant. We 

see from Fig. 448 that O E, ^ EiE,, so that we may take 

E^ E3 to represent the E.M.F. of the motor, that is to 
say, the counter E.M.F. or ** back " E.M.F., as it is usually 
called. We may then draw the half-figure on a larger scale 

(see Fig 449), and consider what happens when Ej Eg is 

varied in magnitude, while the impressed volts O E^, the 

^ See Bedell and Ryan, "Action of a Single-phase Synchronous Motor,'' 
Amer, Inst Electr, Eng,y March 1895, p. 197. 
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resistance R, the self-induction L, and the power of the 
motor P, all remain constant. R and L being known, ^, the 
angle of lag of the current behind the resultant E.M.F. 

O E, is ascertained (for tan ^ =^^1 and remains constant. 

Produce O C to F, and upon O Ei, as diameter, describe the 

circle Ei F O having the centre G. Join TEi then E^ F O 

being a right angle, O F 
is the projection of the 

impressed volts O Ei 
upon the direction of 

the current O C, so that 

— o gives the value of 

the virtual volts which 

are in phase with the 

'^ current, whose virtual 

CT> 

value is .^ t> * Th® 

power yielded by the 
generator Ai is therefore 

^ ^2 R^ Similarly 

FC being the projection 
of El Et, the power 
yielded by the motor A. 

, and this we are taking as constant. Now 




Fio. 449. 



IS 



FC .C O 

2R 



when the line E^ Ej alters in length the figure becomes 

changed in shape, but alwajrs in such a manner that the 

angle E^ F O remains a right angle, so that F moves on the 

circle E^ F O. At the same time the point C must move* on 

a circle C J H concentric with circle Ej F O, in order that 

F C . C O (or J O . C O) may remain constant. Now; if C 

moves on the circle C J H the point E3 must also move on a 

* R. V. Picou, ** Transmission de Force par Moteurs altematifis synch- 
rones/' BttU. Soc. Int Electriciena, Feb. 1895. 
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circle, because ^ remains constant and O C and O £3 bear to 
each other a constant ratio. The centre of the cii'cle M E3 N 

which forms the locus of E3, will be found by drawing O K^ 

making the angle ^ with E^ O and drawing 6 K at right 

angles to E^ O. We are now able to find the value of any 
of the quantities represented in the figure for any given 

value of Ej E3, the back E.M.F. of the motor. It may be 

pointed out that though O E^ has been taken to represent 
the electromotive-force induced in the conductors of the 
generator, all the above clock diagrams are equally appli- 
cable to the case where O E^ represents the electromotive- 
force of the line at the terminals of the motor ; but then 
R and L represent the resistance and self-induction of the 
motor only. We see that in the figure as drawn the current 

lags behind the impressed volts Ej O by the angle /?. If we 

decrease E^ E3 we see that ^ will increase and R C will 
also increase. That is to say, if we decrease the excitation 
of the motor, the lag of the current behind the impressed 
volts increases and the current increases. If, on the other 
hand, we increase the excitation, we see from the figure that 
as E3 moves up to M the angle ^ decreases to zero, the cur- 
rent being then at a minimum.^ A further increase of the 
back E.M.F. of the motor will cause the current to increase, 
but instead of lagging behind the impressed volts it leads, 
the motor in fact acting as though it were a condenser placed 
in the circuit. If we plot a curve with the values of the back 
E.M.F. of the motor (or the exciting current when that 
is proportional), as abscissae and the armature current as 
ordinates, we get a V'^^P^d curve showing the decrease of 
the armature current to a certain minimum, and its increase 
again as the back E.M.F. is augmented. 

Mr. Mordey^ obtained from a 50 kilowatt alternator 
running as an unloaded motor, the curve shown in Fig. 450. 
The values of the current in the motor field-magnet are 

^ Blondel, '* Couplages et SynchroniBationdes Altemateon," IraXioni^re 
tX^ciriqut^ 1882, zlv. 423-563. 
' ** On Testing and Working of Alternators," ImU Mee. £h(jr»«, Feb. ISOa. 
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taken as abscissae, and the current in the armatures as 
ordinates. 

Messrs. Bedell and Ryan ^ have given a similar curve for 
a small Westinghouse alternator, together with full par- 
ticulars as to the E.M.F.'s of generator and motor and angles 
of lag, and have worked out clock diagrams for different 
points on the cui've, showing that the theory agrees with 
what is found to occur in practice. 

This property of an over-excited synchronous motor of 
causing the current to be in advance of the impressed E.M.F. 
would enable such machines to be used to counteract the 

tendency of the current to 
lag when transformers are 
in circuit, and thus to in- 
crease the power-factor of 
the line. 

One of the bad effects 
produced by a current lag- 
ging behind the E.M.F. of 
the generator, is the de- 
magnetizing action of such 
a current upon the field- 
magnet (see p. 696). It 
will be seen from Fig. 442 
that so long as the current 
is in phase with the volts it has no demagnetizing effect, for 
when the current is at its maximum the magnet pole is 
directly in front of the conductor, as in A ^ in Fig. 442. An 
instant l^efore the pole comes to this position, the armature 
current is helping the magnetizing cuiTent, and an instant 
afterwards it is opposing it, so upon the whole the mean 
strength of the magnet is not affected, though the maximum 
E.M.F. in the armature probably occurs a little sooner than 
it otherwise would do. If, however, the cuiTent lags, the 
maximum current flows just after the pole has passed the 
middle position, thus producing a strong demagnetizing 

^ " Action of a single-phase Synchronous Motor,' JovmaX (^the Franklin 
hutitute^ March, 1895. 
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action and a consequent fall in the volts unless the excita- 
tion of the field-magnets is augmented. If, however, the 
current leads, the maximum occurs when the pole is ap- 
proaching the conductor, increasing the magnetization, and 
thus the volts are raised. A generator and motor being 
in opposition of phase, a current that lags with regard to 
the one leads with regard to the other ; thus on switching 
in an under-excited synchronous motor to a generator whose 
current lags, there is a tendency for the generator volts to 
fall and the motor volts to rise. On gradually increasing the 
excitation of the motor the generator volts will rise, owing to 
the advance of the phase of the current. This is very clearly 
shown in the paper of Messrs. Bedell and Ryan before 
referred to (p. 654). 

R. V. Picou has pointed out that in applying the con- 
struction given in Fig. 449 to the working out of a practical 

case, the lines O E^ and E^ E 3 representing several thousand 

volts are so great, relatively to O E3, that the arcs of the 
circles E^ F O and C H J may be considered as straight 

lines, and O E^ and E^ E3 as parallel. The construction is 
then simplified, and there is no diflBculty in working to scale. 
An example is worked out in M. Picon's paper referred to 
above (p. 652). 

There are several interesting 
deductions to be made from the 
graphic construction given above. 
Obviously the most economic con- 
dition for ordinary power trans- 
mission is to have the excitation of 
the motor such that the current is 
in phase with the impressed volts. ^/ ***° ^ 
Referring to Fig. 449, let us fix m\ y^ ^ 

the condition that R C shall be ^ 

Fig 451. 




in line with O E^ and draw our 

diagram as in Fig. 451, setting off the line O Z, making the 

angle ^ with Ej O. For any given load on the motor there is 
one particular value of current which will satisfy the prescribed 
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condition, and the line C O which represents R C will have to 



be set off at such a length, that 



EC. CO 
2R 



is equal to the 



given power (see p. 652). Then drawing C Eg at right angles 

to cut O Z, E^ Eg will represent the back E.M.F. of the 
motor in magnitude and phase. Now if we vary the power C 

will move along O E^ and Eg will move along O Z, the power 
yielded by the motor being always equal to the area of the 
rectangle C Q divided by 2 R, and that supplied by the 
generator equal to the area of the rectangle O Q divided by 

2 R. When the power is zero EjEg=E^O, the current being 
zero. The maximum power occurs when C Q is a square. 
From the figure we see that then 



max. power 



4R' 



R C being equal to ^ E^ and the efficiency being 50 per 
cent. Thus we see Jacobi's law of the continuous-current 
motor, and the construction given on p. 496, are equally 
applicable to the alternate-current synchronous motor. The 

back E.M.F. of the 
motor for any pre- 
scribed power can 
be found readily 
from the figure (see 
p. 655, line 20). 

We can also get 
a very simple figure 
by which to study 
the changes in the 
back E.M.F. and 
current when the 
power is zero. The 
clock diagram for 
this case is given in 
Fig. 452, where R C is at right angles to E^ E,, because if the 
power is zero the current must be at right angles in phase to 




Fig 463. 
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the back E.M.F. of the motor. As we change the value of 
El E3, the locus of the point C must therefore be the circle 
O C El ; and from the reasoning on p. 652, the locus of Es 
must also be a circle whose centre is at K. 

If we plot a curve taking on a convenient scale the back 
E.M.F. as abscissae and the armature current as ordinates we 
find it is in the form shown 
by the thick line in Fig. 458. 
Beginning with E, coin- 
ciding with O we get the 
comer point C^ in Fig. 458. 
As we increase the back 
E.M.F. passing counter- 
clockwise round the circle 
O E, El in Fig. 452, the 
current increases until we 
reach the point E', when it 
attains its maximum. R 
is then equal to Ei, therefore 

the current C = -^. If the 

R 

motor were standing at rest the current through the armature 

E 

would only be . \ , but if the motor is runninff light the 

impedance 

back E.M.F. might be so adjusted in magnitude and phase 

as to completely balance the self-induction of the armature, 

E 
so that a current would flow through it equal to —, In 

R 

practice the upper portions of the curve in Fig. 458 would be 
difficult to realize unless the motor were constrained to keep 
in the proper phase relations, but theoretically we can follow 
E, round its circle until it coincides ^*ith Ei. 

This curve Co E'3 Ei in Fig. 458, really forms part of an 
ellipse shown in dotted line, the equation to which is given 
below. If we follow Es further roun4 its circle in Fig. 452 
we find it passes through the point Ei ; a question then 
arises as to whether we will give the positive or negative 
sign to the back E.M.F. in plotting the curve in Fig. 458. 



Fig. 468. 
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The back E.M.F. having passed through zero would 

theoretically be negative, which would take us along the 

dotted ellipse, but if we still choose to call our back E.M.F. 

positive then our curve is the thick line Ei Co« This forms 

part of another ellipse similar to the first, that lies with its 

major axis sloping the other way as shown in the figure. If 

instead of plotting the back E.M.F. and cuixent from Fig. 452, 

where the power is zero, we plot them from a clock diagram 

like that in Fig. 449, where the power has a fixed value, we 

would get curves like those shown by the fine lines in Fig. 453, 

the area enclosed by the curve becoming smaller and smaller 

as the power is increased, until at maximum power there is 

E 
only one point representing current = ^ and back E.M.F. 

E ^ R^ A- 'iP^\? 

s= _1 Q-D — • ^^ ^ ^® lower comers of these curves 

2 B 

that form the Ynshaped curves referred to on p. 654. The 
equation to these curves is very simply deduced; for re- 
membering that, in Pig. 448, the lines O E^, E^ E3, O E3 
represent respectively the electromotive-forces E^, Ej and 

I C, where I, the impedance, = VTP+^I? we have 

Ei« = E,« + PC«+ 2 El . 10 . cos ^ (1) 

and COB ^ = cos(^ — '?) = ^^^ ^ ^^s iy + sin ^ sin yj. Further 
we know 

u. R • J. P Li 

COB ^ = y., sm ^ = ^1=— ; 



^-'-^^V sin^-V^l-(^)*. 



where P = power of Inotor. 
Substituting thesQ values in (1) we get 



Ei« — E,«^PC« — 2RP=,;>Li^C«E,»— F», 
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which is the fundamental equation of the synchronous motor.^ 
Taking Ej and C as the only variables we obtain a curve 
like those in Fig. 453 for each value of P. 



Paeallel Runninq op Altebnatobs. 

It is found very convenient in central lighting stations to 
be able to run alternators in parallel, so that the machines may 
feed into one set of omnibus bars, and their number be altered 
at will to suit the load on the station, instead of assigning 
different parts of the town circuits to separate machines. 

The principles which govern parallel running have been 
considered in Fig. 446. OE^ may be taken to represent the 
volts between the omnibus bars. The machine to be thrown in 
in parallel is run up to speed and its excitation is adjusted 
until its volts O Ej are equal to O E^. It has, before being 
switched in, to be synchronized^ that is to say, it must not only 
be run at the same speed but the impulses of its electromotive- 
force must be got into step with those of the omnibus bars. 
To do this a synchronizer is employed. Fig. 454 illustrates 
the principle of one form of synchronizer. An incandescent 
lamp is fed from two transformers in series with one another : 
the primary of one transformer is connected with the omnibus 
bars, and that of the other to the alternator to be synchi'onized. 
The connections are so made that when the machihes are in 
synchronism the secondaiies of the transformers assist each 
other in lighting the lamp. When not in synchronism they 
are in opposition. If the alternator to be thrown in is not going 
at the right speed it gets into and out of step alternately and 
the lamp blinks rapidly. The supply of steam is then altered 
to correct the speed, and the lamp is seen to blink more and 
more slowly until it takes several seconds between the instant 
of perfect darkness and the instant of full incandescence. 

* Steininetz, '* Theory of the Synchronous Motor," Amw. Inst, Elee, 
Enga.^ Oct. 1894 ; Rhodes, "A Theory of the Synchronous Motor,** Proe, 
Physical 8oc,t April 26, 1805, PhiL Mag., July 1805. Also '^Altemata 
Current Motors," Mec, Benievo, 1805, xxxyU. 182, 222. 
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Just at the moment of full incandescence, and when the volt- 
meter (see Fig. 454) indicates the full pressure, the switches 
are closed and the lamp forthwith shines without fluctuation, 
showing that the volts of machine are in step with the volts 
of omnibus bars. If the supply of steam is now increased the 
alternator will take up a portion of the load. The amount 
of current it will supply depends entirely on the amount of 
steam admitted to drive it. If the steam were cut off 
it would run as a motor and drive the engine. Fig. 446 does 
not show the main current supplied to the outside circuit, 
it only shows the resultant electromotive force OE3 round the 




> ta\>iubars 



ijuht ^ 



Fig. 464. 



alternator circuit (see Fig. 441) which comes into existence in 
case A^ should lag a little. This resultant electromotive- 
force produces a current which by reason of the self-induction 
of the circuit is out of phase by more than 90*^ with the lagging 
machine, and which therefore supplies power to it and hurries 
it up. It will be seen from the figure that the current repre- 
sented by O D is greatest (for a given lag of the machine) 
when the angle ^ is 45 degrees ; that is to say, when in the 
alternator circuit R is equal top L. In well-designed machines 
R and L are both kept as small as possible. It is sufficient 
if R is something of the order oip L. 

Synchronotis Polyphase Motors. — ^A polyphase system of 



Synchronous Motors. 66 1 

distribution, while giving great facility in the use of self- 
starting motors, does not sacrifice the possibility of installing 
synchronous motors in cases where perfect uniformity of speed 
is desired. A synchronous motor for a polyphase system 
may consist of an ordinaiy alternator placed across two of 
the mains ; but preferably it is identical in construction to 
the polyphase generators, and connected to all the lines. It 
differs from an asynchronous motor mainly in the fact that 
instead of a rotor (Fig. 460) it has a field-magnet separately 
excited by means of a continuous current ; and as the poles 
always keep the same position relatively to the iron of the mag- 
net when once they are run up to the speed of the revolving 
poles of the armature, the respective poles take hold of each 
other and the magnet is dragged round in perfect synchronism. 
The ordinary single-phase synchronous motor, as we have 
seen, must be run up to speed by some independent source of 
power; but in a polyphase system the rotatory field acting 
upon conductors sunk in the pole pieces of field-magnets is 
sufficient to start the motor. It is thus possible to so far 
combine the principle of a polyphase asynchronous motor 
with a truly synchronous motor, that it shall be capable of 
starting itself, and after running up to speed, will keep its 
speed at all loads as constant as the periodicity of the supply. 
It is to be noted that while a polyphase generator will always 
act as a synchronous motor, it is not necessarily self-starting. 
Its design should facilitate the generation of currents in the 
polar projections if it is intended to be self-starting. A veiy 
good instance of an installation of synchronous motors of this 
kind is at the Ponemah Cotton M Uls, Taf tville, Conn., U.S.A y 
Six hundred horse-power is transmitted, at a pressure of 2500 
volts, from a mill three miles distant, where water power is 
available. The system is a three-phase one. The motors are 
the same in construction as the generatoi-s, and while being 
able to start themselves, run under load with perfect syn- 
chronism. The efficiency of the complete transmission from 
the power applied to the dynamo pulley to that delivered to 
the motor pulley is reported to be 80 per cent. 

\ fUc^ ^eeieio, (N.Y.), 189i, zxly. 210 ; and see ibid., 1805, xxrii. 82. 
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CHAPTER XXV. 

ASYNCHKONOUS MOTOBS. 

MoTOBS in which the rotation is produced by the induction 
of currents as the field shifts around, present the structural 
advantage that they can be made without commutator, and 
even without sliding contacts of any kind. The induction of 
these currents in an entirely detached structure depends upon 
the circumstance that the running is a»ynchronous : that is to 
say, that the revolutions made by the moving part do not 
correspond to the periodicity of the impressed currents. * 

Asynchronous motors may be grouped under two heads : 
(i.) polt/phase ; (ii.) monophase. In the former two or more 
alternate currents of equal period, but differing in phase, are 
employed to produce, as explained below, a rotatory magnetic 
field; this rotatory field tending to set up induced currents in 
all conducting masses placed within them, and by the reaction 
of these currents to rotate these masses mechanically. In the 
monophase class a simple oscillatory field is impressed by an 
alternate current, and this actiiig on a revolving system of 
conductors is, by the action of the induced currents, converted 
into a rotatory field with effective driving power. 

As the subject has lately been treated in extenao in the 
author's work on * Polyphase Electric Currents and Alternate- 
Current Motors,' the present chapter may be brief. 

ProdiLction of a rotatory Magnetic Field, — If an alternate 
current is led around a coil it produces along the axis of the 
coil an alternating or oscillating magnetic field. If there is 
an iron core the magnetic flux in it will be an alternating flux ; 
that is to say, one that begins, increases to a maximum along 
a fixed direction, dies away, reverses along the direction and 
increases to a negative maximum, and dies away to begin the 
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cycle over again. The frequency of this alternating flux will 
be the same as that of the current. We have to show that by 
combining two or more alternating magnetic fields that are 
in different directions and in different phases we can produce 
the same, effect as a magnetic field of constant intensity 
rotating in direction. 

It is well known that a uniform circular motion can be 
decomposed into two rectilinear harmonic motions at right 
angles to one another, the two having equal amplitude, equal 
period and a phase difference of one-quarter period. Let P 
be a point uniformly revolving around centre O (Fig. 466) ; 
let the angle X O P = 0. The projections of the radius O P 
upon the two axes are O M and O N. If the radius O P 
be called rwe haveON = r sin0,and O M=s rco80 = r8in 
(Jd-\- 90°). While P revolves the point N will oscillate up and 
down the line Y Y'; the amplitude of its motion being equal 
to the radius of the circle. Also the point M will oscillate 
along the line X X' with equal amplitude and in equal time ; 
but O N will be at its maximum when O M has zero value, 
and vice versd. It follows kinematically that a uniform 
circular motion may be produced out of two straight-line 
motions, by combining them at right angles, provided they are 
harmonic, of equal period, of equal amplitude and differing 
by an exact quarter period. 

Mechanically this motion is equivalent to that of two 
pistons having equal travel, working by two connecting rods 
upon the same crank pin, but placed at right angles to one 
another (Fig. 466). If the cylinders are made to produce two 
rectilinear motions one ahead of the other by a quarter period 
in time, the apparatus will combine these motions into a true 
circular motion. If the two cylindera are set parallel side by 
side two cranks will be needed, one at right angles to the 
other. 

A similar combination can be ^ magnetically effected. If 

an alternating current is led round a coil so as to produce an 

alternating or oscillating magnetic field along the line O X, 

and a second alternating current is led round a second coil so 

^ See Mai^^el Pepre%, Comptea Bendua^ 11. 1108^ 1883% 
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as to produce a second alternating magnetic field along the 
line O Y, then the result will be a rotatory magnetic field, 
provided these two magnetic fields are of equal period and 
amplitude, and differ exactly a quarter in phase. If they are 
of equal period, but not of exactly equal amplitude, the result 
will be Qquiyalent to an ell%^t%cally-xo\:^^^xig magnetic field ; 
that is to say, one in which the strength and direction of the 
field is represented by the successive values of the radius 
vector drawn to an ellipse from its central point. An ellipti- 
cally rotatory field will also be produced if the two component 
magnetic fields, though equal in period and amplitude, do not 
differ by exactly a quarter period. For a perfect rotatory 




Fio. 465.— Dkpbe2'8 Thbobbm. Pig. 456.— Two-CTLnroEB Enghtb. 

field, corresponding to uniform circular motion, the two com- 
ponents must vary precisely as the sine and the cosine ^ of an 
angle respectively. The two-phase system of currents for 
producing a rotatory magnetic field is the electrical analogue 
of the two-crank mechanism. 

This is not by any means the only combination that will 
produce a rotatory magnetic field. The mechanical analogues 
of the three-crank engine, and of the three-throw pump, at 
once suggest other solutions. In the former instance three 
cylinders aroused, with three pistons which operate in succes- 
sive phases differing by one-third of a period from one another. 

^ See also FerraHa, **Rotazioxii elettrodynamiche/' TVHn. ^cad., March. 
188S, 
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If the three cylinders are set (as in a Brotherhood's engine) at 
120® to each other (Fig. 457) their connecting-rods may actuate 
a single crank. If the three cylindeiB are set parallel side by 
side, then there must be three cranks spaced out in angular 
positions 120° from one another. If the angular positions of 
the cranks were not exactly 120° apart, the phase-differences 
of the motions will not be exactly one-thii-d of the period. 
The time-phase of motion must be complementary to the 
space-phase of angle in the combining mechanism, otherwise 
the resulting motion will not be a uniform rotation. The 
famous thi-ee-phase system of currents (or DrehBtrora) for 
producing a rotatory magnetic 
field, is the electrical analogue 
of the three-crank mechanism. 
We have then two main 
cases before us — the 2-phase 
method (sometimes called the 
" quadrature " method, or, less 
correctly, the "quarter-phase " 
method) and the 8-phase 
method (called by Dobrowol- 
sky " Drehstrom "). The firat ^ j^^ ^^ 

2-pha8e induction motor was Thbeb-cylinder Enoike. 

described by Baily in 1879, 

who used commuted battery-currents. The idea of producing 
rotation by combining two or more alternate cuiTcnts of 
different phase, seems to have occurred from the yeara 1885 
to 1888 independently to several pei-sons. Prof. G. Ferraris, 
Mr. C. S. Bradley, Mr. Nikola Tesla, Mr. Borel, and Mr. von 
Dolivo Dobrowolsky. Ferraris found that in such a rotating 
field not only will pivoted magnets rotate, but masses of iron, 
both solid and laminated, also disks and cylinders of copper, 
the drag on these being due to the eddy-cun-ents generated in 
them precisely as in the classical experiments of Arago, in 
which copper disks were 8.et in rotation in the presence of a 
rotating magnet. Fig. 458 illustrates a simple form of Fen*aris*s 
motor having a copper cylinder pivoted within two sets of 
ooils A A and B B which lie at right angles to one another. 
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Ferraria discnased the elementar; theory of the apparatas, 
pointing out that the inductive action would be proportioD&l 
to the »lip, that is to say, to tlie difference between the angular 
velocity of the magnetic field and that of the rotating cylinder, 
that the induced current in the rotating metal would also be 
proportional to this ; and that the power of the motor is pro- 
portional jointly to the Blip and to the velocity of the rotating 
part. 

Consider a laminated iron ring. Fig. 459, wound with two 
pturs of coils A A' and B B', which are inserted in the circuits 
of a 2-pha8e generator. At the moment when the current in 
A A' is a maximum, that in B B' will be zero, the currents 



Fie. 45a— Sdcplk 
B0TA.TORT-FIKLD 
Motor. Ele. iSd, 

being in quadrature. The mi^etizing effect of A A' will 
tend to produce a magnetic field diagonally across the ring in 
the direction B B'. As the current in A A'diesdown, thatin 
B B' begins and increases, and therefore shifts the pole 
forward. When the currents in A A' and B B' have become 
equal, A and B will act together as one coil, while A' and B 
will act together as another coil, the resulting poles lying now 
between B and A' on the right and between B' and A on the 
left. When the B current is at its maximum the poles will lie 
right under the middle of the A coils. Since there is an 
actual production here of a travelling polarity in the ring, it 
follows that any mere mass of iron, a cylinder for example, 
placed in tlie rotating field will be set into rotation, though 
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not synchronooslj ; and a cylinder of copper would be dragged 
round by the eddy-currents induced in it. If the cyliudet 
were to reTolve at the same late as the rotating magnetic field, 
there would be no eddy-currents and no driving force : the 
rotating part therefore tends to run up toward synchronism 
but never attaiDB it; for without sUp (i. e. difference of speed) 
there would be no induced currents. But if such eddy-cuiTcnts 
were permitted to circulate at random in the mass of copper 
there would be much waste of power in heating, since the 
only useful currents for driving are those that flow at right 
angles to the magnetio lines and at right angles to the 
direction of motion, or, if oblique, their resolved parts in this 




Fto, 480.— BoTATrao Pabt or Bbowit^ Uotob. 

direction. Hence it is better to make the moving part as an 
iron core surrounded by appropriate closed coils within which 
the induced currents are confined. A special form excellent 
for small motors consists of a cylinder of laminated iron 
within the periphery of which are embedded a number of stout 
insulated copper conductors lying parallel to the axis, their 
ends being united together so that they foi-m closed circuits. 
A ring of copper at each end — forming with the condactors a 
BOrtofsquirrel-oageof copper filled with iron — serves to short- 
circuit tbe conductors. A Bhort<!ircuited structure of this 
kind is shown In Fig. 460. 

When such rotating combinations of copper and iron are 
used it becomes a question which part of the machine should 
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be considered as armature, and which as field-magnet If the 
ring is regarded as armature, then the copper and iron com- 
bination must be looked upon as a field-magnet which is self- 
. mi^^eUzed by the eddy-currents in the copper, and which is 
continually trying to catch up the rotating poles outside it so 
as to reduce those eddy-currents to a minimum and keep ibi 
magnetic polarity constant. If, however, the ring be looked 
upon as the equivalent of a rotating magnet, then the com- 
bination of copper and iron may be considered as an arma- 
ture in which currents are induced, and which is driven by the 



Fig. 461.— IixirsTaATioH OF S-phase Tiunbiiissioh. 

reaction of these currents. The former is certainly the more 
correct view : but to avoid ambiguity it is better to call the 
revolving mass by the term rotor ; while the stationary part 
which receives the primary currents may be called the tiator. 
The case of S-phaae currents is illustrated by Fig. 461, 
where the generator is represented by a magnet revolving 
within a ring-armature, generating three currents differing 
120° in phase from one another. The rings are wound with 
three coils joined up at their ends and united to three lines. 
The current in any one line at any instant is eq^ual to the 
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algebraic sum of the currents in the other two ; and, with the 
arrangement shown, the phase of the currents in any one of 
the lines is intermediate between the phases of the currents in 
the two coils feeding it. Further, in the motor the current 
in P differs in phase fi'om the currents in c and a, being 
-i^ period in advance of the leading current. As the magnet 
rotates in the generator a pair of travelling poles will, as 
before, be produced in the ring of the motor. It will be 
noted that the coils here constitute a closed circuit. There are 
indeed several ways of connecting up three coils so as to pro- 
duce the rotatory effect, the following being possible : (1) each 
of the three coils might be independently joined by two wires 
to the ends of the three corresponding coils, requiring six 
lines ; (2) three ends of the three coils might be independently 






no. 462. Fig. 468. Fio. 464.— Stab akd 

Stab Ck)MBiNATiON. Mesu Combination. Mesh Combination. 

joined by three wires to the three corresponding ends of the 
coils in the motor, their three other ends being united to a 
common return line, so involving four wires ; (8) the three 
coils a, ( and c may be simply joined at a common junction 
(Fig. 462), from which they branch star-wise each to its own 
line ; (4) the three coils may be joined as j9, 9 and r in Fig. 463, 
in a closed mesh joined with the three lines at its corners. In 
this case the phases of the currents in j9, q and r are inter- 
mediate between those of the three currents in the lines ; (5) 
six coils may be used as in Fig. 464, which shows the way of 
getting a 6-phase effect out of a 8-phase current by combining 
the star and mesh arrangements ; (6) by merely winding a coil 
left-handedly instead of right-handedly the phase of its mag- 
netizing force is reversed. For example, a reversed coil inserted 
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in a (in Fig. 461) would give an effect differing 180® in phase 
from a, and therefore intermediate between h and c. 

The mode in which the three currents overlap in phase is 
shown in Fig. 465, the phase-difference being here 120®. Three 
currents with phase-difference 60° will also serve for rotatory 
work, and can be converted into three of 120® by merely 
inverting the connections at the ends of one of the three coils. 

Star and mesh combinations may also be applied to 
2-phase systems. The two circuits of the Niagara generators 
are kept separate, four lines being required ; but in many 
cases three lines would suffice, one of them serving as a 
common return for the two circuits. 




C ^' B' €' 

Pio. 465.— Three-phase Current Curves. 

When mesh combinations are used the current in the limb 
of the mesh as measured by amperemeter differs in value from 
the current in the line. For a 2-phased system the current 

In the limb is — r^ of the current in the line. For a 8-phase 
system the limb-current is —t= of the line-current. When 

y 

star combinations are employed, the limb-currents are the 
same as the line-currents, but the voltages between line and 
line differ from the voltages between any one line and the 
common junction. For a 2-phase system with 4-ray star con- 
nection, the voltage between two adjacent lines is V^ times 
as great as that from line to centre ; while with a 8-phase 

system it is VS times as great. 
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Bradley in 1887 described a 2-pliase motor (Fig. 466) 
with mesh connections ; the current being brought in by four 
slip-rings. This, however, was a synchronous motor having a 



Fia. 466.— Bradlet'b 2-phase Hotob. 

fixed external magnet. In 1889 he described s S-phase 
machine, having a similar armature connected at three 
symmetrical points to three slip-rings. 



Fia. 467.— Tesia's 3-phase Syotek. 

Tesia in 1887-88 designed many combinations of which 
the fundamental notion was the progressive shifting of the 
field. In Fig. 467 a generator is shown wound with two coils, 
the free ends of which are connected to insulated contaot-rings 
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on the shaft. From four brashes that press on the rings four 
wires are led away to the motor. This is, in fact, a simple 
2-phase genemtor, inducing two independent currents in 
quadrature. The motor is shown as a ring having wound 
upon it four coils, two of which are connected in circuit with 
one pair of wires, the other two being in the other circuit. 
They tend to co-operate in pairs to produce magnetic poles 
on diameti-ically opposite parts of the ring. Within the ling 
is pivoted as rotor a disk D of iron, preferably cut away at 
its sides so as to form an elongated body ; and turning so as 
to convey from side to side of the ring the greatest numberof 
magnetic lines. It was found 
that this form was not essen- 
tial to rotation, since a circu- 
lar disk of iron was also set 
revolving. In a series of 
eight diagrammatic figuies 
Tesla explained the succes- 
sive phases through which 
the coils of the generator 
pass during one revolution, 
and tlie coiresponding and 
resulting changes of mt^et- 
ism produced in the ring of 
the motor. 
Flo. 468.— MDLTiPOLiE Desion, By adopting a multipolar 

design the speed can be re- 
duced though the frequency of alternation remains the same. 
Fig. 468 shows a design by Tesla for using a t«trapolar 
mi^netic field having four poles in the A circuit (alternately 
N and S poles), and four intermediate poles in the B circuit. 
In such a case the progression of the field is not a uniform 
rotation. The field of a pole at A does not shift round to the 
next pole at B. What happens is that the magnetism of 
the A pole dies out, while fresh magnetism grows iu the 
neighboring B pole. 

The famous 8-phase transmission of power from Lauflfen 
to Frankfort iu the autumn of 1891 did much to bring into 
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notice the advantages of polyphase methods for electric 
power purposes. Through three copper wires, each 4 milli- 
metres in diameter, and 110 miles long, 100 H.P. was trans- 
mitted with an eflBciiency of 75 per cent., the pressure being 
raised by transformers to about 8000 volts (see p. 697.) 
Particulars are given in the author's work on Polyphase 
Electric Currents. 

Modern Polyphase MotorB. — In modem motors both stator 
and rotor are built up of stampings of soft iron pierced with 
holes or slotted to receive the conductors. Fig. 469 gives 
about ^ size the stampings for a 4-pole, 6-H.P., 2-phase motor 
designed by Bi'own ; the rotor being of the short-circuited 
squirrel-cage pattern (Fig. 460) with 37 conductors. This 
motor is intended for 100 volts at a frequency of 40 periods, 
and runs at 1200 revolutions per minute. Plate XVIII. gives 
scale drawings of a 8-phase motor of 100 H.P., taking current 
directly from high pressure mains at 5000 volts, with a 
frequency of 40 periods per second and a speed of 600 
revolutions per minute. The rotor, which is about 80 inches 
in diameter, has 96 holes through which insulated copper 
conductors are threaded, and joined up in a wave-winding 
constituting a 8-branched star, of which the three outer ends 
are led down through the shaft to three slip-rings to permit 
of an external starting-resistance being applied. The torque 
at starting is greater when such resistances are inserted in the 
secondary circuit (see p. 681). Fig. 470 gives an external 
view of a 2-phase 120 H.P. motor built upon the same 
carcase, but with different windings, to work at 2000 volts. 
In this case the starting resistance is attached inside the 
rotor, with a simple mechanism passing out through the 
end of the shaft to short-circuit it when the motor has 
started. In this way the need of slip-rings is avoided, the 
rotor having no external connections of any kind. 

These rotatory-field motors were brought to a aigh pitch 

of perfection by the Oerlikon Co., and by Brown, Boveri & 

Co. : and more recently the Westinghouse Co. has brought 

out many fine designs. On the Continent of Europe several 

large central stations an^ many iactories are now equipped 
43 
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with polyphase systems. The efficieDcy of tite polyphase 
motors is very high, certainly not inferior to that of oon- 
tinuoascurrent motors of equal power and cost. 

ELianilNTABT ThbOET of PoLTPHAaE MOTOEB. 

For the sake of simplicity we will take a bipolar machine, 
the iron of which is of the general shape shown in Fig. 469. 
Snppoee that a rotatory m^Detic field is prodnced by either 
2-phase or S-pbase oorrents in the statoi. 



FlO. 470.— TWO-PHABE MOTOR OF ]20 HOBSX-POWKR (BBOWM), 

The currents in the rotor also produce a magnetic field 
which, compounded with that of the stator, gives rise to a 
resultant rotating field. It is to this resultant field that the 
electromotive-f oroes in the conductors, and the torque, are due. 
We will take it as a uniform flux flowing diametrically through 
the rotor and cutting the conductors of both stator and rotor 
as it revolves. 

Let 12 stand for angular speed of the rotatory magnetic 
field ^ 2 >r n in a bipolar machine, where n is the freqaency 
of period. If the machine is multipolar having m pairs of 
pedes then fl^2irn-^nk , 
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Let «* stand for angular speed of the rotating part, or 
rotor of the machine, = 2 Trns, where Wt is the actual number 
of turns per second. 

Let T stand for the torque between the stator and the rotor. 

Let W stand for the power (total watts) communicated by 
the stator to the rotor. 

Let V) stand for the power (useful watts) actually used in 
turning the rotor. 

Q — ctf is the «Zip of the rotor with respect to the field, or is 
the difference of their angular speeds. If the field has an 
angular speed fi — w greater than that of the rotor, it is clear 
that the inductive action on the circuits of the rotor will be 
exactly tlie same as if the rotor were revolved backwards 
with a speed i2 — m while the field stood still. 

W — t^ is the power wasted in heating the conductors and 
iron of the rotor, since it is the difference between the total 
power supplied to the rotor and the power it utilizes. 

Now W is proportional to T and to fi, and therefore, by 
choosing suitable imits may be written W = T fi. 

And w is proportional to T and «, and may be written 

Hence, dividing the last equation by the preceding, 

w ta 

From this we see that the efficiency of the rotor is the same 
as the ratio of the two speeds. The efficiency of the stator 
will be considered presently. 

Further, the rotatory- field motor is simply a sort of running 
transformer, of which the stator and rotor windings constitute 
respectively the primary and secondary. Now, if w were made 
= Q there would be no induced currents in the rotor con- 
ductors, the stator would then simply act as a choking coil ; 
hence, it follows that if the condition of supply of the primary 
currents is that of constant voltage, the magnetic flux through 
the machine, rotating with speed Q^ will have an approximately 
constant value at all loads, just as the flux in the core of an 
ordinary transformer has. This, of course, is only true when 
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the current in the stator coils is unrestricted ; it is not true, 
for instance, if a resistance is put in series with the stator 
coils, or when the motor is starting without any resistance in 
its rotor circuit, as will be seen hereafter. Further, if there is 
yery little magnetic leakage in the gap between stator and 
rotor (as is indeed the case in well-designed motors), tlie only 
electromotive-forces in the rotor conductors will be those 
produced by the resultant magnetic field, and therefore the 
maximum currents in them will occur when the conductors are 
in that part of the field where the flux density is a maximum. 
And as the flux is constant at all loads (subject to the above 
conditions), it follows that the torque will be proportional to 
the currents in the rotor. But these are proportional to the 
slip o — <tt : hence, also, it follows that T will be proportional 
to Q — o>, and may be writen T= J (^ — «*), where J is a 
constant depending on the strength of the field, the radius of 
the rotor, and the length and resistance of the conductors of 
the rotor. 

We may now write : — 

Useful watts w = h .w (Q — ce>). 
Total watts ^ = h .Q (Q — ai). 
Wasted watts W — w^=l .(Q — a^).^ 

Hence we may at once apply 
the now well-known diagram of 
motor efficiencies, by drawing 
(Fig, 471) a square A B C D, P 
having its side A B numerically 
equal to o, and cutting off a 
piece B F equal to «*. The area 
A F H D represents the total 
watts supplied, the area AFGK, 
or G L C H, the watts utilized, 
and the square K 6 H D the ' 
watts wasted in heating the con- 
ductors of the rotor. The effi- 
ciency will approach unity as F moves up towards A ; and, 
as with continuous-current motors, if it were not for the 
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weakening of the field by armature reaction, tlie output would 
be a maximum when w = J 0, the efficiency being then only 
50 per cent. We shall see presently that when the motor is 
running at much below its proper speed, magnetic leakage 
and other causes play such an important parttliat the torque 
is actually less than at a higher speed. Fig. 471 is, however, 
applicable to cases of normal running, and shows how these 
rotatory-field motors behave in an exactly similar manner to 
continuous-current motors. 

In good modern rotatory-field motors the slip is only, at 
tlie most, about 4 per cent., except for very small sizes of 
machine, where it may be 10 per cent, at full load. 

In the above investigation no account has been taken of 
the loss due to heating in the conductors of the primary or 
stator circuit. This, like the ordinary C^R loss in the exciting 
circuit of any dynamo, is but a small percentage of the whole 
energy supplied. Neither has any account been taken of 
hysteresis losses in the iron of the stator, which also have to 
be supplied, as it were, by additional excitation, but are small 
in a well-designed machine. Losses by hysteresis or by eddy- 
currents in the iron of the rotor will, like the friction of the 
journals, deduct from the available power, but these are 
necessarily very small since the reversals of the magnetism 
in the rotor are proportional not to ^ but to — ai, 

Besultant Magnetic Flux in Motor. — It was pointed out 
above, from consideration of transformer analogies, that the 
magnetic flux in the motor is of approximately constant 
value at all normal loads. We may take it that in the air gap 
between rotor and stator the flux-density varies approxi- 
mately as a sine function around the periphery from point to 
point. Let the density of this flux in the direction in which 
it is a maximum be called B* This flux-density, like the 
flux-density in a transformer core, is the result of the mag- 
netizing actions of both the primary and the secondaiy wind- 
ings. Kapp has given ^ a discussion of the reaction which 
may be summarized as follows : — 

Take a line B» ^ represent (Fig. 472) the maximum of 

1 Glsbert Kapp, Electric Transmisaion qf Energy, 1894, p. 310« 
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the flux-density in the motor ; in a bipolar machine it may 
be considered as revolving clockwise around O as a centre, 
with an angular speed Q. This field is due to the joint 
action of the impressed field excited by the primary currents 
in the stator, and of the induced field excited by the secondary 
currents in the rotor. These 
rotor currents are in phase with 
the resultant field (if there is 
no magnetic leakage), and pro- 
portional to it, and to the slip. 
They may be represented by a 
length e, set oflf along the side 
B* This current c tends to 
produce a cross-magnetization, 
p.73, proportional to itself. Let 
the line h at right angels to B 
represent this cross field. Here 
5 = A; (7 where £ is a coefficient depending on the reluctance 
of the magnetic circuit and the number of windings on the 
rotor. Complete the triangle ^ h a\r} drawing the line a. 
Then a represents in magnitude and phase the niagnetic field 
that must be impressed by the primary currents in the stator, 
since B ^^ ^^^ resultant of a and h. The angle ^ is the angle by 
which the current in the rotor lags behind the impressed field. 
Further, since the torque is proportional to both B *iid c — 

that is to B &^<^ ^ — ^^ ^i*6& ^^ ^^6 triangle a B ^ will repre- 
sent the torque. 

Moreover, since c is proportional to the slip,^ and to B» 
and to a constant depending inversely on the resistance R in 
the rotor circuit, we may write 



Fio. 473. 



e 



_BX8Up. 



R 



or slip = 



gR 
B 



1 " Slip " is here used to denote an angnlar speed, namely (0 - u). Some 
writers use it to denote the ratio hetween the two speeds, that Is to say —. 
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and substituting 5 -f- 2; for e, 

slip = 4 X?: 

B * 

but 5-r-B is t^^ A hence slip is proportional to Rtani?. That 
is to say, if the slip is great the angle of lag ? will be great. 

Conditions of Operation. — There are three chief stages 
of operation to be considered ; and for the present we will 
consider the supply voltage constant. 

(i.) Starting. — Hereo* = 0, and slip = Q. Rotor currents 
enormous, primary currents also enormous. Therefore, fi 
the angle of phase-diflference between primary currents and 
resultant field very large. Torque would be enormous if 
there were no magnetic leakage (see p. 681). 

(ii.) Running at Light Load, — Here to is very nearly equal 
to Q ; and as slip is small, rotor currents will be small, and 
their reaction small. Angle p will be small, and a will not 
be much larger than B- 

(iii.) Running with Heavy Load. — ^Here ^ — <«, the slip, 
must be enough to allow of the generation in the rotor of 
currents enough to produce the necessary torque at the actual 
speed of rotation. 

In addition to the above, if the speed is artificially brought 
up to synchronism by supplying from without power to over- 
come friction, &c., there will be no rotor currents and no 
torque. If the speed is artificially increased beyond this, so 
that the rotor runs faster than its field, power will be con- 
sumed in driving it, and it will act as a generator, pumping 
back current into the supply network, as we shall see 
presently (see p. 685 ; also p. 606). 

Starting Torque, — In the above we have considered a 
motor working under normal conditions, so that the rotor 
currents are not excessive and the effect of magnetic leakage 
has been neglected. When, however, the motor is being 
started, the slip is so great that enormous currents would be 
generated in the rotor circuit if of low resistance. These 
currents would call for very large currents in the primary 
eoils to keep up the magnetic flux, just as in a transformer. 
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The effect would be threefold. In the first place, a consid- 
erable fraction of the pressure of supply would be lost upon 
C^r losses in the stator coils. Secondly, the ampere-tui*ns 
of the stator and rotor coils, opposing each other with very 
great msignetomotive-forces, would force a number of lines 
along paths which do not thread through both sets of coils 
(for example, leakage would appear along the air-gap), and 
these lines would be the cause of electromotive-forces in 
the stator and rotor coils, in addition to the electromotive- 
force produced by the common resultant field, and have a 
choking effect upon the currents in these coils. Thirdly, 
not only is the true resultant field B 
diminished by the above causes, but 
the little that remains is out of phase 
with the cuiTcnt in the rotor circuit, 
so that the torque is very much reduced 
instead of being increased by excessive 
slip when the rotor circuit is of low 
resistance. This is very simply ex- 
hibited in Mr. Eapp's construction. 
When the slip is great, the triangle 
a B 6 will become of the form of Fig. 

473 ; for if slip is proportional to R 
tan /?, and R is small, tan /9 must be 
very great, ^ will be near 90^ the 
impressed field a is limited by the foregoing considerations, 
so the torque (represented by the area) will be very small. 
If we increase R we necessarily decrease tan ?^ making B 
greater and the area greater, and so we get a greater starting 
torque. Thus, introducing a non-inductive resistance into the 
rotor circuit at starting enables the machine to start with a 
greater torque. 

Relation between Torque and Slip^ — In order to get an 
equation for the torque in terms of the slip and the resistance 
of the rotor, we note that from Fig. 472 it follows that 




Fig. 473. 



and 



5 = a sin /?, 
B = a cos i?. 
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Now, from the equation — slip = -s-Xx* ^^ 8®^ "^X * = o^ 

Therefore, by merely altering the scale of Fig. 472, we can 
rename the sides of the triangle as shown in Fig. 474, where 
B stands for the slip. 

From this we see that sin p = — and cos ? 



/rttf? 



R 



Therefore the torque T, which is proportioned to 6 X B> is 




proportional to a* sin fi cos fi; and therefore, writing ; as a 
quantity involving a^ and constants depending on construction, 
we have 



T = q. 



R'XA**" 



Here wd are assuming that a, the impressed field, is con- 
stant (see p. 681). 

If we vish to see graphically what this equation means, 
we may then plot out the relation between T and « as a curve, 
assuming a definite value for R. 

Take fie line O X (Fig. 475) to represent the speed of 
rotation ' t the magnetic field, and cut off from it a part O Q 
to reprcR'^nt the speed of the motor. Then the remainder 
Q X represents the slip. This is equivalent to plotting the 
slip backwards from X. The vertical ordinates then represent 
the values of the torque as calculated from the equation. 
For example, when Q X is taken as « ; P Q is plotted to 
v'^present the corresponding value of T. Thus, beginning at 
X where the slip is zero, we get a curve X P ^^, which rises 
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steeply, comes to a maximum, aud dies away to the value 
O t^ which is the torque at starting. The torque has a 
certain maximum value for which p = 45°. It will be noted 
that the steep end part of the curve is nearly straight, being 
an asymptote to a straight line, which would represent the 
relation between torque and slip if the current in the stator 
were unrestricted and the magnetic field constant. In fact, 
this line corresponds to the expression T= 6 (0 — w) on 
p. 677. Or if in our present equation we consider that 
values of % are small compared with R, the equation might 

be written T = g =-- giving a straight line law. At the other 

R, 




-speed 
Fia 475. 



end of the curve, where slip is great, the curve is hollow. 
Here we may approximate by supposing that s is very 
great compared with R, or that R^ is small compared 

with ^ ; in which case the equation reduces to T = a f-. 

s 

This is the equation to a hyperbola (also shown in dot). 
When the motor is at rest « = o, or O Q = zero, giving at 

R 

O t^ the value T = y — . That is to say, at %tarting^ the 

torque is proportional to the resistance of the rotor. If we 
then assign a higher value to R, and plot out a new set of 
ordinates, we obtain a new curve (shown in dotted line) which 
also starts at X, rises to a maximum of the same height as 
before, and then falls, but this time to t^. The effect, then, of 
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introducing more resistance is to raise the torque at starting ; 
but it also has the effect of causing the maximum torque to 
occur when the slip is greater. The motor gives out practically 
the same power as before, but runs with fT greater difference 
of speed between its speed at light load and its speed at full 
load. And the efficiency at full load is diminished. If, with 
a 5 per cent, slip and a 95 per cent, efficiency, we do not get a 
sufficient starting torque, we can get it by introducing resist- 
ance, and contenting ourselves (at full load) with, say, a 
10 per cent, slip, and a 90 per cent, efficiency. And one 
understands the reason for the modem device of constructing 
the rotor so that a resistance can be put in at starting, and 
then short-circuited as soon as the rotor has got up a fair 
speed. 

In the various theories of the rotatory-field motor ^ the 
subject is attacked from many- different points of view, but, 
through whatever mathematical intricacies it has passed, the 
expression for the torque is of the geneml form 

T = y 



R» + *««« 



The above method of deducing the formula, though in- 
complete in so far as it does not contain symbols for all the 
quantities concerned, perhaps has the advantage of keeping 
clearly in view the main principle, and enabling the student 
to follow the physical meaning of the expressions throughout. 
The quantity A;, it will be remembered, is a constant, depend- 
ing upon the reluctance of the magnetic circuit and the 
number of windings on the rotor. It is, in fact, the self- 
induction of one complete turn of conductor on the rotor. 
The quantity q involves a* and total number complete turns 
upon the rotor. In comparing with the formulae given by 
other writers, it must be remembered that « is an angular 
speed, and is equal to 2 w (n — Wj) (see p. 676). 

^ By Duncan, Hutin and Leblanc, Sahulka, Picon, Arnold, Ferraris, 
Beber, Stelnmetz, De Bast and others. See the anthor's work on Polyphcue 
Mectric Currents, 
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Steinmetz gives the formula for finding the torque in 
pounds at 1 foot radius in the form 

to use our own symbols ; g being the ratio of the secondary 
turns to the primary turns, and 



/=. 



550 



where n is the frequency, and p the number of poles. Stein- 
metz's theory is very complete in this respect, that he takes 




Fio. 476. 

into accomit both leakage and hysteresis, and gives an ex- 
pression for «, the counter electromotive-force in the stator 
conductors, in terms of the impressed volts, and an expression 
involving these quantities. Plotting values for torque at 
different amounts of slip he gives the curve shown in Fig. 476, 
which is of the same character as that given in Fig. 475, only 
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extended in both directions. If the speed of the motor is nm 
up by mecbsnical means heyond synchronism, the torqae 
becomes negative and the machine acts as a generator, giving 
the lowei branch of the curve. If, on the contrary, the motor 
is turned in the sense opposite to the rotation of the field, the 
torqne decreases as shown on the left of the figure. 

T}m Stardey-Kelly Two-phase Motor, — This motor has the 
oharacteri&tio peculiarity that though a two-phase motor. 



Ro. 477.— Stator or Stahlet-KkUiY Uotob. 

the two magnetic fields are kept independent and are cot 
combined to form a rotatory field. The etator (Fig. 477) 
consists of two parts, each of which ia multipolar, and which 
are "staggered " with respect to one another. Each simply 
produces an alternating field. The revolving part consbta 
oftworotorssidebyside (Fig. 478), the windings of which aw 
Interconnected, so that tha wire which lies directly under the 
pedes in one of the stationary armatures, is in series with the 



Asynchronous Motors. 687 

wire that lies between the poles !□ the other. So conDected 
each rotor acts alternately aa a motor, to receive ouirent and 



Flo. 478.— HoTOBB or Staiiley-Ksllt Motos. 

be driven bj it, and as a transformer to send cnrreat to the 
other rotor. The windings on the two rotors together are 
closed, having no external connections or commutator. 

Monophase Motors. 

As soon as polyphase asynchronoua motors had reached 
the st^e of practical success, it became evident that mono- 
phase asynchronous motors might be constructed on analogous 
lines. Many years ago De Fonvielle discovered that an iron 
disk pivoted within a coil supplied with an alternate current 
was mantained in rotation if once started in either direction. 
Even before the introduction of polyphase methods the fundar 
mental fact had been discovered by Prof. Elihu Thomson, 
that if a short-circuited armature is set into rotation between 
the poles of an alternating electromagnet, it will tend to go 
on in the direction of its motion and increase its speed. The 
alternating magnetic flux through a non-moving rotor will 
induce strong currents in those conductors which enclose it ; 
but there will be no more tendency to turn in one direction 
than in the other. But Elihu Thomson found that owing to 
the lag caused by self-induction, the current in the closed 
circuit reacts, tending to produce a secondary mf^netic field 
which is out of phase with the primary or impressed field. 
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Hence, if this secondary field is compounded at an angle 
with the primary field, the resultant action will be equiva- 
lent to a rotatory field. 

In the course of his observations on the effects of alternate 
c^airents,^ in 1886-7, Elihu Thomson observed that a copper 
/iug placed in an alternating magnetic field tends either to 
/riove out of the field or to turn so as to set itself edgeways 
♦x) ^ihe magnetic lines. He took an ordinary continuous- 
ciivrent armature placed in an alternating field, and having 
rJiOitKjircuited the brushes, placed them in an oblique position 
vith respect to the direction of the field. The effect was to 
CTiuse the armature to rotate with a considerable torque. 
' The conductors of the armature acted just as an obliquely 
);ldced ring, but with this difference, that the obliquity was 
continuously preserved by the brushes and commutator, not- 
withstanding that the armature turned, and thus the rotation 
was continuous. 

A closed squirrel-cage rotor, like Fig. 460. when once 
.started in an alternating (bipolar) field, tends to run up into 
flynchronisra ; that is to say, if there were no friction it would 
make exactly half a turn during each reversal of the primary 
current. But if there is any work done in turning, then it 
will run slower, the %lip being proportional (as in the poly- 
phase motors) to the torque. The only trouble then is to 
start the motion. 

Monophase motors may therefoie be built on lines pre- 
cisely similar to the polyphase motoi-s already described. 
The rotor, for small sizes, may be a simple squirrel cage ; 
for larger sizes it will be a wound structure, with arrangement 
for inserting a starting resistance. The stator will be wound 
with appropriate windings to receive the primary current, 
and with an auxiliary winding to be used at starting, as de- 
scribed below, and then either to be cut out or else thrown 
into the main circuit. 

^ Elihu Thomson, "Novel Phenomena of Alternating Currents," ^ec. 
World, (N. Y.), May 28, 1887. See also J. A. Fleming, ** On Electro- 
magnetic Repulsion," Troc, Soyal Inatitution^ March 1891 ; and Jouriu 
Soc. of Arts, May 14, 1890. 
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Splitting the Phase. — The way in which monophase motors 
are commonly started is to superimpose upon the alternating 
field an oblique field differing in phase. This is usually done 
by having additional coils on the stator fed by a current that 
is out of step with the current in the main coils, and it is 
necessary to have some device which will cause a difference 
in the phase of the currents in the two branches. This 
operation of splitting the phase mQ,y be performed in many 
ways. Ferraris produced rotation in his motor by connecting 
one of the pairs of coils in the circuit of an ordinary alternate 
current, whilst the other pair were connected as a shunt to 
the circuit, with an inductive resistance included in order to 
retard the phase. Borel attained a similar result by using 
iron cores in one pair of coils. 

We have seen (p. 563) that in circuits possessing resist- 
ance and self-induction the tangent of the angle of lag of 
the current behind the electromotive-force is equal to p L/R. 
If, therefore, we have a comparatively large self-induction in 
one branch of the circuit, and comparatively large resistance 
on the other, the phases ^^ the currents will differ by nearly 
90®. This difference in the self-induction of the branches 
may be caused either by the difference in the number of turns 
of wire in the coils on the stator and the arrangement of the 
iron around them, or it may be caused by putting in series 
with one of the branch' j a coil of wire on an iron core. A 
non-inductive resistan^j may be introduced into the other 
branch. 

A difference in phase can also be produced by giving one 
of the branches capacity by means of a condenser, capacity 
having the effect of giving the current a lead. The kind of 
condenser usually employed for this purpose is an electrolytic 
condenser, con%Lsting of a number of iron plates with a solu- 
tion of carbonate of soda between them. 

Splitrphase Motors. — This device of procuring a difference 
of phase at starting may also be made use of for the perma- 
nent running of a motor. Two-phase motors were designed 
by Tesla in which the two sets of poles were wound with 

coils having different resistances and inductances. They 
44 



690 



DynamchElectric Machinery. 



only need to be supplied, however, from a single source of 
alternating current. 

Theory of Monophase Motors. — Prof. Ferraris ^ has given 
a simple method of treating this subject in which the alter- 
nating magnetic field is regarded as being resolved into two 
magnetic fields rotating in opposite directions. It is a famil- 
iar point in mechanism that any simple harmonic rectilinear 
motion may be resolved into two equal circular motions in 
opposite directions. Fig. 479 illustrates one way of doing 
this, the mechanism being well known to engineers. The 
amplitude of the original motion is equal to the diameter of 




» 




Fig. 479. 



Fia480. 



each of the circular motions. Ferraris deals, however, wiih 
the problems of the alternating magnetic field quite generally, 
applying the geometrical notion of rotating vectors. 

If we represent by the vector Ji which rotates clockwise 
uniformly about O, the magnitude and direction of a rotating 
magnetic field, and by b^ the magnitude and direction of 
another field of the same sti'ength rotating in the opposite 
sense with the same frequency n^ it will be seen that the 
direction of the resultant field is always along the line B, and 
the magnitude of the resultant field will alternate between the 

^Galileo Ferraris, "A Method for the Treatment of Botating or Alter- 
nating Vectors, with an Application to Alternate-current Motors,** Electrir 
Cian, 110, 129, 162, 18i, 1891 
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values + 25 and — 25 following a sine function of the time, 
so that we may write B =: 2 5 sin 2n nL 

Conversely, if we have an alternating field following the 
law Bq sin 2 Trn t as in a monophase motor, we may resolve 
it into two oppositely rotating fields of the same frequency n, 
and consider the effect of each field separately upon the rotor. 

If the rotor turns clockwise with a frequency m, the fre- 
quency of rotation of the clockwise field with respect to the 
rotor will be n — m, and the frequency of rotation of the 
counter-clockwise field with respect to the rotor will be 

Each field may i^e considered as generating currents in 
the rotor, and the torque due to such currents flowing through 
conductors in the field may be ascertained by the formulsd 
employed in the case of rotary-field motors. 

Now it was found above (see p. 682) that a field rotating 
with a speed 8 relatively to the rotor produced a torque 

T — a^Sl— 

where L = A:, and the coefficient 2 ;r is added because on 
p. 682 8 was an angular speed, whereas here n and m are 
revolutions per second. 

The torque due to the two oppositely rotating fields will 
be 

rp ._. (■ n — m n-hm ^1 

"l ^ [f*^^7^U(n — my r*+47r«L»(n + wyJ' 

where q is proportional to the number of conductors on the 
rotor and to the square of the magnetic flux. 

It is not necessary to consider the partial torque exerted 
by the currents due to one rotating field flowing in conductors 
that are immersed in the oppositely rotating field, because the 
frequency of these currents differs hy 2 m from the frequency 
of that opposite field ; and consequently this torque is rapidly 
reversing in direction. 

In oixler to find the torque due to the field rotating clock- 
wise with the frequency n — m, we draw the curve O P Q W 
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(Fig. 481) (see p. 683 where the curve is reversed) showing 
the relation between slip and torque obtained by the formula 



T = j 



r« 



r* + 47r«LV* 



Let O Qy represent the speed of rotation of field of fre- 
quency n ; then measuring backwards from Q^ a distance Q^ P^ 
= m (= speed of rotor) we get the abscissa O P^ ^ n — m, and 
the ordinate P^ P represents the torque in question. 
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To find the torque due to the counter-clockwise rotating 
field, we measure ofiE forwards from Q^ the distance QyUy=wi 
and get O U^ = w + w, then U U^ represents the torque due 
to a slip 71 + 7?i. This being in the opposite sense to the torque 
P P^ we can cut oflf from P P^ a part P P^^ ^ U U^ and obtain 
P^^ Py which represents the actual torque on the rotor. For 
convenience in subtracting the torques due to counter-clock- 
wise field we may draw Q W^ symmetrical with Q W, and then 
subtract the intercepted parts such as U^y P^ from the ordinates 
such as P P^. Doing this for all the ordinates between and 
Qy we obtain the new curve T P^^ Q^, the ordinates of which 
represent the actual torque for various values of m. When 
771 = 0, that is to say, when the rotor is stationar}% the two 
opposite torques balance one another ; as tti is increased the 
torque rises to a maximum, and then falls to zero before m is 
quite as great as n. Any further increase in m produces an 
opposing torque. 

This argument assumes that the impressed flux remains 
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fixed, which is only true so long as the motor is supplied with 
the same current. The curve cannot therefore be taken as 
the true characteristic of the monophase motor supplied at 
constant voltage, but is useful as a simple indication of its 
general behavior. When load is tlirown on to the motor its 
speed decreases a little, more current flows through the stator, 
and the impressed field is correspondingly increased, so that 
the quantity denoted by y increases in reality with the load. 

A number of alternate-current motors have been devised 
which do not come under any one of the preceding classes, 
and yet are hardly susceptible of classification. 

Laminated Series Motors. — For small power an ordinary 
continuous-current motor with commutator and brushes may 
be used, provided the field-magnet is built of laminated iron. 

Retarded Field Motors. — ^If one end of a laminated bar of 
iron is placed in a magnetizing coil supplied with an alternate 
current, it will undergo an alternating 
magnetization. But if at a point further 
along it is surrounded by a stout copper 
ring or feri'ule, the eddy-currents in- 
duced in the latter, being out of phase 
with the primary current, will react 
locally on the alternating magnetiza- 
tion and retard the phase of the mag- 
netic polarity at all points beyond. 
Consequently, if two or three such 
closed rings or bands of copper sur- 
round the iron core at different distances along (Fig. 482), 
the effect will be the same as if Ihe poles travelled along the 
iron at a finite speed, a north pole being followed by a south 
pole, and again by a north pole, each travelling toward the 
tip, and there dying out. On this plan the Ferranti-Wright 
motor is based. It is used in Ferranti's alternate-current 
meters. A pivoted iron disk is placed between two curved 
pole-pieces of laminated iron, each of which is furnished with 
retarding-rings of copper. 
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CHAPTER XXVI. 

TRANSFOBMERS. 

Whenever electric energy is to be transmitted to a distance, 
considerations of economy dictate that high voltages * shall 
be employed. On the other hand, considerations respecting 
safety to person as well as those respecting the pressures 
sai table for lamps, dictate that the voltage at which the energy 
should be supplied to the consumer should be comparatively 
low, or from 100 to 200 volts at the most. Hence devices are 
required which shall receive the currents at high pressure from 
the feeders or main lines, and shall transform the energy so 
as to give out larger currents at lower pressures. Such devices 
are called tran9former%. Notes on the history of transformers 
were given in the previous edition of this work. 

^ This is fully explained in Chapter XXYIII. on Transmission of Energy, 
but may be briefly recapitulated here. It must be remembered that the 
energy supplied per second is the product of two factors, the current and 
the pressure at which that current is supplied, or in our notation, 

g C = electric enei^ per second (in watts). 

The magnitudes of the two factors may vary, but the value of the power 
supplied depends only on the product of the two ; for example, the energy 
furnished per second by a current of 10 amperes supplied at a pressure of 
2000 volts is exactly the same in amount as that furnished per second by a 
current of 400 amperes supplied at a pressure of 50 volts ; in each case the 
product is 20,000 watts. Now the loss of energy that occurs in transmission 
through a well-insulated wire depends also on two factors, the current and 
the resistance of the wire, and in a given wire is proportional to the square 
of the current. In the above example the current of 400 amperes, if trans- 
mitted through the same wire as the 10-ampere current, would, because it is 
forty times as great, waste sixteen hundred times as much energy in heating 
the wire. Or, to put it the other way round, for the same loss of energy one 
may use, to carry the 10-ampere current at 2000 volts, a wire having only 
Y^th of the sectional area of the wire used for the 400-ampere current at 
50 volts. The cost of copper conductors for the distributing lines is there- 
fore very greatly economized by employing high pressures, and using step- 
down transformers to reduce the pressure to that needed for the lamps. 
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For transforming continuous currents a revolving appamtua 
is requiied consisting, in principle, of a motor (driven by the 
incoming or primary current) driving a generator, which 
induces a secondary current at the desired (low) pressure. 
Such combinations, known aa motor-ffenerators, are specially 
considered in the next chapter. 

For transforming alternating currents (whether single-phase 
or polyphase) all that is needed is a. stationary apparatus con- 
sisting of a suitable core of laminated iron with primary and 
secondary coils wound upon it — in fact an induction coil. 
These alternate-current traniformers form the subject of the 
present chapter. 

Gbnbbal Notions about Alteesatb-cueeent 
Tbahsfobmebs. 

The simplest and earliest form of transformer was the iron 
ring of Faraday, Fig. 483, upon which he wound two coils, a 



primary and a secondary. In elementary treatises on 
electricity it is explained how an electromotive-force is 
induced in the secondary whenever the primary current is 
increasing or diminishing, because the magnetic lines made 
in the iron core by the primary current thread through the 
secondary coil and act inductively. The same thing occurs 
in the form shown in fig. 484, where the two coils are wound 
one outside the other upon a straight core of iron wires. 
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An alternating transformer may be regarded as a species 
of dynamo, in which neither armature nor field-magnet re- 
volve, but in which the magnetism of the iron circuit is made 
to vary through rapidly repeated cycles of alternation, by 
separately exciting it with an alternating current. The pri- 
mary coil of the transformer corresponds to the field-magnet 
coil of the dynamo ; the secondary of the transformer to the 
armature coil of the dynamo. 

If an alternating current having a frequency of w periods 
per second be sent into either of the coils there will be set up 
in the other coil an alternating electromotive-force having the 
same frequency, because the iron core is undergoing an 
alternating magnetization also of n cycles per second. The 
effect on the second circuit is the same as if the magnetized 
iron core were being plunged into and removed from the 
second coil n times per second. 

Our first step shall then be to calculate the electromotive* 
force induced in a coil of any given number of turns by an 
alternating magnetic flux in the core within it. Let S be the 
number of spirals or turns in the coil, and W the maximum 
value of tlie flux in the core. Suppose that the changes of 
the flux follow a sine law we may then write for the value of 
the flux at time t after the maximum has occurred, 

Nf = ^ cos 2 TT n ^. 

But the electromotive-force in any one turn is proportional to 
the rate at which N is changing, or to (i N \ dt. Further, we 
must multiply by S, and divide by 10® to bring to volts. 
Performing the differentiation we get 

E, = 2 TTwS N sin 2 TT w« -^ 10«. 

The virtual value of this electromotive-force is obtained by 
substituting for sin 2 tt n ^ its square-rootof-mean-square value 
namely i/^, giving us 

E = 4-46nS N "^ lO®. 

This formula is fundamental in transformer calculations. 
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primary \ Secarviary 



Now consider a simple magnetic circuit, having wound on 
it a primary coil of S^ turns, and a secondary coil of 83 turns. 
We may conceive it like Fig. 485 ; but to avoid complications 
at first, we will suppose that there is no magnetic leakage, 
that is to say, all the magnetic lines created by the current in 
the primary coil thread through the secondary coil. The 
impressed electromotive- 
force applied to the ter- 
minals of the primary 
coil sets up a primary 
current which produces 
an alternating magnetic 
flux, and this alternat- 
ing flux in turn induces 
electromotive-forces, not 
only in the secondary coil but also a back-electromotive-force 
in the primary. These two induced electromotive-forces will 
be strictly proportional to the respective numbers of turns, 
and absolutely in phase with one another. We may write 
them 
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we have, therefore, 



4-45 n Si N -^ 108, 
4-45nS, N-^10^; 

El Si 

Eg Sg 



This ratio is called the raiAo of transformation^ and is in this 
chapter denoted by k. 

Two main cases now arise for consideration : (i.) when the 
secondary circuit is open ; (ii.) when the secondary circuit is 
closed on a load of lamps or other resistance. 

If the secondary circuit is open, though electromotive- 
force may be induced in it there will be no secondary 
current, and therefore no reaction of any kind due to this 
coil. It might as well be absent. The only reaction will be 
that of the primary coil on itself. As in a motor running 
light, so in the transformer at no load, the back-electromotive- 
force will be almost equal to the impressed electromotive- 
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force. The latter must be slightly greater, for there must 
be enough volts unbalanced to diive the requisite small 
magnetizing current through the internal resistance of the 
primary coils; as there are hysteresis and eddy-current losses 
they al^o must be provided for by a small additional primary 
current. But, save for these, the whole action of the primary, 
when the secondary is open, is that of a choking coUy and the 
induced electromotive-force E^ will be in almost exactly 
opposite phase to the primary current. 

Now pass to the case where the secondary is closed upon 
a load of lamps or other resistance. We will suppose this 
resistance to be for the present a simple non-inductive 
resistance. There will be a secondary current in phase with 
the induced electromotive-force Ej, therefore in phase also 
with E^, therefore in almost exact opposition of phase to the 
primary current. When the primary is nsing to its maxi- 
mum, the secondary will also be rising to its maximum, but 
flowing the opposite way round. While the primary is 
magnetizing the secondary is demagnetizing ; and it is clear 
that the magnetic flux, on which the counter-electromotive 
force in the primary depends, cannot be as great as before 
unless more current flows from the primary source. In fact, 
more current will of itself flow in the primary because of the 
demagnetizing effect of the secondary current. The effect of 
the presence of the current in the second circuit is then to 
unchoke the primary. The primary coil now acts not as a 
choking coil to dam back, the primary current, but as a 
working coil, inducing current in the secondary by flowing 
sufficiently strong to keep up the alternating magnetic flux 
in spite of' the demagnetizing tendency of the secondary 
current. If only half the lamps are on, then the primary will 
act partly as a choking coil and partly as a working coil. If 
the primary impressed volts are kept constant, the secondary 
volts at the terminals of the lamp circuit will be nearly 
constant also ; and the apparatus becomes beautifully self, 
regulating, more current flowing into the primary of itself 
when more lamps are turned on in the secondary circuit. 

The elementary theory of this simple case of a trans* 
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former withont leakage, working on a non-inductive load of 
lamps, is quite easy. Adopting the same notation as used for 
motors and dynamos, write % for the volts of supply as 
measured at the primary terminals, and e as the volts at the 

the primary and tt that of the secondary. Call the ratio of 
transformation A; = Si / Sg = E^ / Et. Since (apart from 
small hysteresis losses, here neglected) the work done hy the 
fluctuating magnetism of the core is equal to the work done 
on it, we may further write Ei Ci = Ei Ct ; whence it follows 
that Ci = Ct / A;. The volts lost in the primary are r|Ci ; those 
in the secondary rjd%. Hence we may write 

S = El + ri Ci, 
« = El — ra Of 

Writing the first of these as : 

El = g— riCi == 8— rA/ *, 

and inserting Ei / A; fbr Ei in the second equation, and substi* 
tuting, we get 

-/-(^ + n)c; 

which shows that everything goes on in the secondary as 
though the primary had been removed, and we had substi- 
tuted for S a portion of it proportional to the number of 
windings, and at the same time had added to the internal 
resistance an amount equal to the internal resistance of the 
primary reduced in proportion to the square of the number of 
windings. 

jjgampte.— In a MorfeyH kilowatt transformer, Si - 800 ; S, - 12; n - 
JO ohms; r, = 0-014 ohm; g'=- 1000; find t when C, = 86 amperes. Here Ic 
a 25, so that on open clrcnit the secondary volts would be exactly ^of the 
primary rolts, or 40 volts. But working out by the formula for the output 
of 86 amperes the terminal volts e drop to 88*02. 
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COKSTBUCnON OF Tbaksfobmebs. 

The function of the core is to carry the magnetic lines that 
are created by the circulation of surrounding currents, and to 
excite inductive actions in those coils. It is therefore obvious 
that in the construction of a transformer the core must have a 
sufficiently great sectional area ; further, that its shape ought 
to be such that all the magnetic lines created by the primary 
coil shall pass without leakage through the aperture of the 
secondary coil ; and to accomplish this the magnetic circuit 
ought to be a closed circuit of compact form, and with as few 
joints as possible. If there is magnetic leakage, so that some 
of the lines made by the currents in one of the coils do not 
thread through the other coil, then each coil will tend partially 
to choke its own currents, and the drop in volts at full load 
will be greater than that which results (as above) merely from 
internal resistances.^ To avoid inductive drop then, we 
must use such a construction that there is a minimum tendency 
to magnetic leakage. It is also important to keep the form of 
the magnetic circuit as compact as possible, so that the 
necessary magnetic flux may be attained with as few ampere- 
turns as possible. If by avoiding joints and gaps in the 
magnetic circuit, by using the most permeable iron, by having 
the length of path along the circuit as short as may be, and 
by having a sufficient cross-section of iron, the magnetic 
reluctance is kept low, then a very small magnetising current 
will be needed. This is of great importance in all trans- 
formers that are to be used for light all-day loads. 

For high-efficiency transformers it is also necessary to 
avoid those kinds of iron that have much hysteresis (p. 137), 
and to use sheets so thin (about 0-5 millimetre or -^ inch is 
the usual limit) that eddy-current losses are kept small. 

^ Another way of stating this result is as follows :— As will he shown at 
the end of this chapter, the e£fect of there heing a coefficient of mutual in- 
duction between two circuits, is to diminish the self-induction of each of them 
separately ; or if their convolutions are wound around the same core, in 
geometrically identical relations, the e£fect of the mutual induction is to 
wipe out the separate self-inductions. Any unbalanced self-induction in 
either circuit will necessarily tend to make that circuit act as a choUng- 
coil; and any magnetic leaka^ will act as an unbalanced self-induction. 
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Aa a further constructional point it is not unimportant to 
choose Buch foi-ms as will permit the coils to be wound in a 
lathe, and to be mounted and dismounted without undue 
labor. 

Return now to Fig. 488 which depicts Faraday's ring- 
transformer. Its iron core was not laminated ; and the 
placing of the two coils was soch that there was a great 
tendency to magnetic leakage across the ring from top to 
bottom. Two obvious improvements are (1) to make the 
core of wire or washers ; (2) to wind the primary and secondary 
coils in sections, sandwiched between one another, as in 
Fig. 486. 



Fig. 486.— Rraa ttiASBKaaixa, 
WTTH Sandwiched Cons. 

FiQ. 487.— Vablkt'b CuaBSD- 
cmcurr Tsahstorukb. 
Now turn to Fig, 484, p. 695, which depicts the cylindrical 
type of induction coil, also used by Faraday, further developed 
by Callan, Masson and Ritchie, and perfected for spark 
purposes by Ruhmkorft. It has a bad m^netic circuit ; for 
the magnetic lines will have to find their return paths through 
the surrounding air : it will take a relatively large magnetizing 
current, and there will be some leaki^, through not quite as 
much as if the two coils had been wound separately on the 
two ends of the core instead of over one another. Fig. 487 
depicts a form due to Varley, which is an obvious improve- 
ment, the m^netic circuit being much better closed. The 
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modem Pyke and Salomons transformer is like this, but baa 
the coils sandwiched along the core. The Ferranti ti-ans- 
former. Fig. 499, also resembles this form, but has its core of 
ribbons of sheet iron, Ilwe imagine the two coils made quite 
short and set side by side on the core, the elongated form of 
Fig. 487 might be reduced to the squat shape of Pig. 488, 
\sliich is a form introduced by Zipemowsky. Tlie primary 
;iiid secondary coils are first laid upon one another, and the 
iron core is then wound through and over them by a shuttle, 
so tliat the whole of the copper is enclosed within the iron. In 
the drawing (Fig. 488), the frontportion of the iron winding 
is represented as removed to show the interior. Mr. Eapp haa 
proposed the name of " shell-trans- 
formers " for this type of apparatus 
as distinguished from those with 
a mere straight or a non-expanded 
internal core, which he calls " core- 
transformers." But the two types 
run into one another. All shell- 
■^ jc n,T . transformers have a core, and all 

Flo. 48.— eZn-KKNOWSKY'S , .-,.,, 

SHKLi,TEAJisFORMEa. core-transformers, if they have closed 
magnetic circuits at all, have some 
portion of iron returning outside the windings ; so it is only 
a question of detail how far this return portion is spread out 
aa a shell. It is certain that excellent transformers are made 
in accordance with both extremes of type. 

Types of Modem Tramformer». — Modem transformers, 
almost without exception, have cores built up of thin sheet 
stampings. The forms showii in Figs. 489 and 490 are 
typical of a class in which the stampings when assembled 
constitute a long central core and an external shell, with two 
long apertures to receive the coils. Different firms build up 
the stampings differendy, and wind the coils in different 
ways. 

To avoid waste of material Mordey introduced the method 
shown in Fig. 490, where the cross-pieces that form the core 
aresimplythe rectangularportions stamped outof the external 
plates that form the shell. If the external dimensions of the 
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shell-plate are 6 by 4 inches, the core-plates vill be 4 by 
2 inches, and each of the windows will be 2 by 1 inches. 
These pieces are interlaced as shown, being bailt up, however, 




FiG6 489 and 490.— CoBS-PLATas of Trasehosmsbs (Westlni^ioDn 
and Mordej). 

around the coils (notshown in Fig. 490) which are previously 
wonnd upon a light rectangular former A, Fig. 491, made of 
hard wood steeped in ozokerit. 

Fig. 492 shows in diagram 
four different ways of disposing 
the primary and secondary wind- 
ings in the space available in 
the apertures. Apart from an 
allowance for the small extra 
amount of primary current for 
magnetizing, the quantities of 
copper needed for primary and 
secondary are equal (for mini- 
mum heat-waste and drop) ; for if the secondary wire has 

only- as many turns aa the primary it will have to carry it 

times OS much current, and therefore require a section h times 
as great. It is usual to make the primary of a round wire 
well insulated, and the secondary of insulated copper ribbon 
or rectangular strip. And as the insulation of the fine primary 
wire takes up a relatively greater space, the total space left for 
the primary is greater than that for the secondary. Owing to 
the conditions of imperfect ventilation a high amperage cannot 
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MOBOET^ TRANSFOBKEB 

(TmnBvene Section). 
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be used ; a current-density of 500 amperes per square mch 
being considered rather high. (Refer to table, p. 371). 

In Figs. 493, 494 and 495 are depicted, without showing the 
jointing of the cores, three types of construction now most in 
vogue. The first of these is the long shell type just dis- 
cussed ; with its exceedingly compact mi^rnetic ciiKsuit and 



Fio. 492.-''Vaxiou3 Hodbb or DiSFoeufQ Trakbfobuxb Windimob. 

its elongated coils built on a special frame. The second 
represents a type used by the Oerlikon Co. (compare Pig, 496) 
having a long core over which the coils, wound in cylindrical 
shapes on bobbins, can be slipped, the shell-yokes being then 
added, being furnished with faced joints. This feature of 
placing the windings cylindrically over one another upon a 
long core is found excellent for avoiding leakage and induc- 
tive drop, and it therefore gives good regulation. As will be 
noticed, an approximation to cylindrical form is procured by 
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use of graduated sizes of core-plates. The fine-wire high- 
voltage wiodiDg la divided into two parts for the purpose of 
keeping far apart the portions which differ greatly in poten- 
tial ; and the winding is coned 
(it its ends so as to obviate 
the use of, bobbin cheeks ; 
insulation in oil or air being 
better without them than 
with them. 

The transformer now 
built by Brown, Boveri & 
Co. baa a similar internal Fio4(i8. 

core, over which, on a paper 

cylinder, is slipped the secondary winding of copper strips, and 
over this again the primary winding in two coned coils ; but ' 
the yoke part is not in two portions as in Fig. 496, but in one 
of double section fitting by faced joints. 

The form represented in Pig. 495 is that adopted by 
Messrs Johnson and Phillips, originally from the designs of 



Fia. 4&4. Fio. 49S. 

Mr. Kapp, and maybe described as an improved Faraday, 
ring. Dobrowolsky employs a kindred pattern. Plate XIX. 
gives drawings, the material for which was princip^y 
furnished by Messrs. Johnson and Phillips, who have 
patented several improvements. The cores as shown in 
that plata are built up of varnished plates of graduated 
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taxiBA, so tihat tho seotdoa of each limb is approzinutely 
ocb^nal. The cores are Berred with tape aad coated with 
shellac varnish. The stampings are in rectai^:ular strips 
imbricated at the joints, and secured 
hf insulated bolts. Sleeves of in- 
sulating material receive the coils, 
which being cylindrical are slipped I 

over one another on the longer limbs f 

of the core. Afterwards when placed I 

concentrically on the core, sheet ebo 
nite is interposed between them ; the 

fine-wire primary lying outside the 

secondary. A cast-iron watertight 
case encloses the whole. 

Fig. 498 illustrates the so-called 
"Hedgehog" transformer of Swinburne,^ having as core 
a bundle of iron wires which, after receiving the copper 
coils, are spread out at their ends so as to reduce the 
magnetic reluctance, which is in any case 
great, the magnetic circuit being an open - 
one. It was supposed to be more effi- 
cieot, as the weight o£ iron is so small, 
reducing the eddy-current and hysteresis 
losses. But owing to its incomplete 
m^netio circuit it requires a very lai^' 
magnetizing current, and therefore at low 
loads wastes a disproportionate amount 
of energy in the primary mains. It is 
now generally agreed that closed-circoit 
forms are preferable : they have the further 
advantage of an entire absence of waste - 

from eddy-cnrrents in the copper con< -pBi, 4SB. 

ductois, however massive. Bwwsum i rt 

Fenanti's transformer (Fig. 499) for Hedobho* 

extra high pressure work, has a core made 

of a laige number of tiiin strips of iron, which pass Tep> 

tically up through the middle of the copper coils, and 

' Journal iiut. JReetr. Engineert, xx. 183, 1S91. 
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are bent round below and above on each side, and interlapped 
BO as to complete the magnetic citcuit. The coila are made 
of copper strip, very carefully insulated, and compacted to- 
gether in sections by insulating material. There are three 
coils thus built up, the inneimost being a portion of the 



Pra. 499.— FkrHAHTI'8 TlUIfSFORMEB. 

primary, outside this the secondary, and outeide this agun the 
rest of the primary. Sheets of ebonite are interposed in the 
spaces between these coils, bo as to prevent sparking across 
from the high-pressure coils. There is also room for air ven- 
tilation in the vertical spaces where these sheets of ebonite 
are wrapped round between the three piles of coils. 

Pham-rAatUma in Transformers. — Keeping in mind always as 
the chief consideration, in the operation of a transformer, the 
alternating magnetic flux in the core, we must next study the 
relations to it of the other quantities. It may be remarked that 
in a system of supply at constant voltage, this flux scarcely 
varies between no load and full load. As in a compounded 
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dynamo, so in a regulated transformer, to keep the volts at the 
tenninals of the lamp-circuit constant needs at full load an in- 
crease of but 2 or 3 per cent, in the magnetic flux to compensate 
for the drop. To simplify matters we will suppose, however, 
that a drop is allowed to occur, but that the flux always alter- 
nates around the same cycle. Also, for simplification, suppose 
the ratio of transformation to be = 1, so that ampere-turns in 
each coil may be plotted to same scale as amperes. For any 
other ratio it will at any time be easy to substitute any given 
value of the ratio h. Then Ei = E^i, and both are at right angles 
to the line N O N, Fig. 500, which on the clock diagram repre- 
sents the time when the flux is at its maximum in either direc- 
tion. Consider first the case of no load ; then the only current 
will be that in the primary, and if 
there were neither hysteresis nor 
eddy-currents in the core it would 
be an entirely watt-less current, in 
quadrature with the primary im- 
pressed volts, but in phase with 
flux. Let the value of this moug- 
netizing current Cm be represented 
by the line O Cm. But as hystere- 
sis and eddy-currents put a small 
load upon the transformer there 
will necessarily be a small com- 
ponent of current Cp in phase with 
the volts. This may be repre- 
sented by the line O Cp. The 
actual no-load current will be the 
resultant of O Cm and O Cp, 
namely O C©. The power factor at 
no load will be the ratio of the true 
watts to the apparent watts, or is 

Op -7- Co. To furnish the small electromotive-force O v requisite 
to drive the current C© through internal resistance of the primary, 
the impressed primary volts must have a magnitude cmd phase, 
such that O & shall be the resultant of O £4 and O v. But as the 
no-load current is, say, only 3 per cent, of the full current, and 
as the primary lost volts at fuU load will not be more than 2 per 
cent., O V will not be more than about n^ of O E], and the differ- 
ence of phase between O g and O £4 will be insignificant.. 

At full load the phase relations are somewhat different, and 
they differ according to whether the load on the secondary cir- 
cuit is a plain resistance, or as to whether it is inductive, causing 
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a lag of the secondary current behind Ei. If we consider the 
latter case it will be easy to see what difference the absence of 
self-induction would make. As before, take for reference the 
phase of the flux, and work backwards to find the relative phase 
of the impressed primary volts. The secondary induced electro- 
motive-force El will, as before, be at right angles to N O N. 

Now, if there is inductance in the secondary, as well as resist- 
ance, there will (see p. 563) be a lag such that tan ^ =p I^ -r B, ; 
and the effective volts R» O, that drive the secondary current 
through the resistance, will be got by the construction in the 

lower part of Fig. 601. The 
length O C2maybe taken as 
the effective secondary volts ; 
and the actual volts at termi- 
nals e might be found by de- 
ducting from O Cs a short 
length to represent the lost 
volts rjC,. The secondary 
current also will be repre- 
sented in phase by O Qg, and 
by a suitable change of scale 
O Q% might also represent it 
in magnitude. Producing 
O Cs backward to an equal 
length, and compounding this 
line with O Co (the no-load 
current) we get O CJi to rep- 
resent, according to scale 
chosen, either the primary 
current or the primary am- 
X)ere-turns. Along the same 
line we take the part O t? to 
represent the volts needed to drive this current through the mere 
resistance of the primary windings. We shall now have to com- 
pound O V with the counter electromotive-force O Ei induced in 
the primary by the core ; and at the same time we must take 
into account the unbalanced self-induction in the primary (if 
any) by drawing a line x & (=J5 Li Cj) at right angles to O Ci. 
This gives as the final resultant, showing required magnitude 
and phase of the impressed primary volts, the line O S. Consid- 
eration of the diagram will show thafc the smaller the no-load cur- 
rent the more nearly would C!!i and C2 be in complete opx)osition 
of phase ; also that self-induction in the primary throws the 
phase of £1 behind S, and that self-induction in the secondary 
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throws C| behiQd Ei, hence leakage, which throws self-induction 
into both circuits, tends to shift the lines O S and Ci nearer to 
one another. 

The actual performance of transformers has been carefuU7 
examined by Prof. H. J. Ryan,' who has plotted out curves to 
show the forms and phases of the several Tarying quantities. 
The transformer used was a small one of 600 watte capacity, 
adapted for transforming down from 1000 to SO volte, the num- 
ber of windings being 67B in the primary, and 3S in the secondary 
coil. The volume of laminated iron was about 20S0 cubic cm. 
The mean length of the magnetic circuit was 30*8 cm, and mean 



Pig. 808.— Te4N8K)mikb CnsvBs OR Ores Cmccir. 

cross aectioa 63'3 sq. cm. ; the frequency used was 138. Figs. 
S02, SOS and S04 show the results. It will be noted that although 
the primary current curve differs widely from a curve of Bines 
(especially at light loads), nevertheless the curve of secondary 
Tolte is much more nearly like a sine curve ; and it is always in 
almost exact oppodtion of phase to the curve of primary volts. 

' AiMr. ihaf. Jleetrieal Sngintm, 1888 and 1800. See alio £lectHcal 
World, xiv. 419, Dec S8, 1889, and xtL 10, July 26, 1890 ; also TKe Xteclrt- 
efon, xxlT. 268, and xxv. 319, 1890 ; also La Lvmlire ileetrigue, xxxv. 883, 
1890. See alio an appendix paper by Messrt. Humphrey and PowO tn Xteo- 
trical World, zcl. U, 1890, and The BUetrieUm, xxt. 280, 1880. 
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In a second paper Byau showB that the loss of energy by eddy- 
currents is less when the core is hot than when it is cold. The 
curious form assumed by the current curve is due solely to the 
properties of iron. If the impressed primary volts follow a sine 
law, that of the magnetising current and of the primary current 
at low loads will obviously not^ave the same form unless the 
permeability were constant. At that stage of things when per- 
meability is increasing with the flux-density (i, e. when B is be- 
tween 1000 and 6000, see Fig. 92), the current need not increase 
BO fiEUBt as to conform to the sioe curve ; but at the stage vhoi 
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the permeability is decreasing while B ifl increasing (i. e. when B 
has passed 8000), the current must increase more rapidly than 
would conform to the sine curve.' 

-Efficiency o/ TVaru/ormera. — It has been found independently 
by SteinmetE, by Fleming and by Wedding that the efficiency 
of a given transformer depends to some extent Upon the form of 
the electromotive-force impressed by the generator, a peaked 
form giving a higher efficiency, a flat-topped, square-shouldered 
form giving a lower efficiency than a pure sine curve. The rea- 

> See Ry»n and Uerritt, Fort«nbaiigh and Sawyer. Major HtppiBley, 
Proc. Boy. fToc, 1892, lU, 260; Fleming, "Delineation of Alternating 
Cnrrent Gorvea," fleetWelan, 1896, ixiiv. 007 ; Rfmln^n, E. C. "Altei^ 
ntte Cnixent wlian E. M. P. to of a zigzag wave type." PAya. fimrfew. 111. 
100(1896). ~o ,»~ ^ 
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son depends on the fact that the hysteresis losses increase diapro- 
portionately with the higher fluz-deusities. For, since the value 
of the volts at any instant depends on the rate of change in the 
magnetic Suz, a square-shouldered volt curve will imply a high- 
peaked curve of flux-density, and vice versd. Dr. Boessler, in a 
recent inveetigation> on this subject, found that at no load the 
primary winding when the volts followed a sine law ahsorbed 
IS times as much ^et^ as when a peak wave was used. He 
pointed out that one objection to the peaked wave was that it 
put a greater stress upon the insulation than a* sine wave of the 
same virtual value. 
Ifany discussions have arisen over the curves of transformers 
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and over the efficiency under various conditions.* Fleming* in 
particular has published most valuable determinations of theeffl- 
cieaciesof a large number of transformers. The reader should 
also consult the writings of Bedell and Crehore, Eapp, Weekee, 
and Feldnumn. The following table gives the principal results of 
Fleming's tests. The last named on the list had an efficiency of 
97 per cent, at full load ; and at one-third load had an ^ciency 
of 94*6 when suppUed from a Uordey alternator giving a nearly 
true sine curve, and of 94-9 when supplied from a Thomson- 
Houston alternator giving a peaked curve. 

> £U. Ze((., Augnat 1, 1696 ; Aiylneer, Augiut 9, 18D5. See klao F«1d' 
nuukD, XleelHctan, xxxr. 609 ; kIso Taiiom vrlten, (Md. ixziil. 497, Oil, 
S2B,G28,560. 
■ See Horder, ImI. Xlte, Bag., xrlU. 600, 1890 ; Ajrton, OM. 664, ISOa 
' ItUt. nf Xlee. Eng., 1893, sxl, 594; tee Snmpner, {Md. 740. 
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DssiaN OF Tbaitsfobmers. 

In designing a transformer that shall have a given output when 
supplied from mains that are operating at a given voltage and 
frequency, there are several modes of procedui'e ; and in many 
points experience is the only guide. The following is probably the 
best way to go to work. First select the type of structure, then 
from economical considerations decide what will be the permissible 
loss of power in iron and in copper. If the transformer is for all- 
day use at low loads the iron loss must at all hazards be kept low. 
If only for use during short periods a large copper loss may be 
allowed. If it is for motor running a considerable inductive drop 
is admissible. Having decided how many watts may be lost in 
the iron, fix, from previous experience, the approximate dimensions 
of the ironwork. Choose the size of core stampings, and deter- 
mine approximately the number likely to be wanted for the out- 
put. It will be easy to take a few more or a few less if on com- 
pleting a first calculation some change seems desirable. Then 
estimate the approximate weight of iron, and from this and 
the permissible loss in watts calculate the loss per pound 
of iron. (This should come out from 0*6 to 1*3 watts.) Then 
refer to the curve. Fig. 91, which connects this loss with the flux- 
density Q, and find the corresponding value of Q. If this comes 

out lower than 4000 or higher than 8000, it will be well at once to 
go back and take less iron or more as the case may be. Having 
foimd a reasonable value for Q, estimate (in sq. centimetres) the 
nett area of section of the core you have chosen, and multiplying 
this by B you get the flux f^. Then from ^ and the prescribed 
voltage and frequency you flnd Si by the formula on p. 697, cmd 
from Si and the ratio of transformation you find S». 

At this stage it may be well tocalculate the no-load current by 
finding separately the wattless magnetizing current 0L» and the 
waste-power current Cp necessitated by hysteresis and eddy- 
currents. The former may be calculated by magnetic-circuit 
principles, and the length I of the path of the flux along the mag- 
netic circuit and the value of the permeability fi that corresponds 
to the particular value of Q, by the formula 

C«--— —ii 0-666 B'-^ A* Si. 

i^2.0-4ir.A*.Si 

The wa8te-i>ower current C, is calculated from the power per- 
mitted to be wasted in the core, by dividing down by the primary 
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volts. Finally the no-load current Co is calculated (see Fig. 500) 
by the formula 

Betuming to the design, calculate from the drawing (with due 
allowance for layers of insulation) 4}he meanjength of one turn of 
primary winding, of primary, and of secondary. Then from the 
available space left for the windings (allowing about I of this for 
the primary winding because of insulation requirements, and i for 
the secondary winding) and the numbers Si and S9 calculate the 
sections, resistances and weights of copper. Then work out the 
watts lost in copper at full load and no load, and the current 
density. If the copper losses come too great you have not left 
winding space enough, and must take a larger iron core. It de- 
pends on the type of structure as to what you can do with a larger 
core. If it is such that the apertures for the windings (as in Fig. 
492) are no larger than before, it will, by having a greater section 

of iron, have the advantage that ^ being greater. Si and St may 
both be smaller, and therefore larger sizes of copper wires can be 
got into the same apertures. If the new core is longer than the 
old one, but no thicker, you can use the same numbers of turns 
as first calculated, but thicker wires. 

In all cases it is well to work out on paper the effect of two or 
three different selections, and to choose that which comes nearest 
to the prescribed conditions. Some capital examples of working 
out are given by Evershed.* 

Another method of procedure is to assume an iron core of given 
dimensions, and fixing frequency and voltages, to work out the 
windings to give a definite fiux-density (say Q = 5000) in the 

iron ; and take the sections of the two windings as large as is 
structurally possible. This leaves the currents undetermined, and 
leaves the rating of the full-load output to be determined either 
by the limit of permissible temperature-rise (to be found by ex- 
periment, or by calculation from losses and surface) or by the 
voltage drop, or approximately by the current density permissible, 
or by the limit of efficiency. Some makers rate their trans- 
formers above the output at which the rise of temperature will be 
within safe limits. The final degree to which after some hours' 
full working the temperature rises d6i)ends on the total losses in 
iron and copper, on the available surface for radiating this heat, 
and on the facilities for cooling, such for example as the circula- 
tion of oil in the outer case. A usual figure of allowance of 

' The Electrician^ xxvL p. 477 et seq. 
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Cooling surface is 40 sq. centimetres pea watt of loss. At this 
allowance the temperature rise will be about 50° C. above the 
surrounding atmosphere if there is no oil cooling, or about 40 
degrees with oil in the case. And, within the limits of 15 to 65 
sq. centimetres per watt, the temperature rise will vary roughly 
inversely with the available surface. E. Thomson has suggested 
the use of perforated secondary conductors to allow of greater 
cooling surface. The newest Westinghouse transformers have 
the projecting ends of the sandwiched coils bent away from one 
another for better ventilation. A forced circulation of oil has 
been suggested. 

If a transformer designed to work at a certain voltage at a 
given frequency is used for the same voltage at a lower frequency 
the efficiency will be less : for, from the fundamental formula on 
p. 696, it is clear that the cycles of magnetization of the iron core 
must go to a higher maxima of flux density, causing dispropor- 
tionate losses. If a transformer designed for a 2000-volt circuit 
at 100 periods is used on a system at 50 periods it ought to be 
rated at lower voltage, say as a 1000- volt transformer, or else re- 
wound. On the other hand, raising the frequency lowers the 
flux-density (for the same voltage) and therefore raises the effi- 
ciency. If the flux-density is unaltered, the loss per cycle will 
also be unchanged, and the loss per second will be proportional 
to the number of cycles per second. Other things being equal it 
may be taken that for a given copper loss (and therefore for given 
current) the output is proportional to the voltage, and therefore 
for a proportional iron loss, is proportional to the frequency. 
Hence for a given total loss the output of a given transformer is 
proportional to the frequency. In other words, high frequency 
means a saving of weight and cost, smaller transformers being 
used than with low-frequency of supply. 

CONSTAinVCUBBBNT ALTBBNATINa TRANBFOBMEBS. 

Transformers arranged so that the two self-inductions of the 
two coils are high compared with the mutual induction between 
them have been designed by Elihu Thomson and by Stanley for 
the purpose of yielding alternating currents of a constant num- 
ber of virtual amperes. Forms with much magnetic leakage 
answer this purpose. Swinburne ^ has pointed out that a hedge- 
hog transformer will answer in this way if the primary and sec- 
ondary coils are wound on opposite ends instead of being woimd 

• 

^ l^roz. Bay. 8oe.t February, 1887. 
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close together. An ordinary transformer can be adapted to such 
service if a choking-coil is introduced into the primary circuit. 
The use of constant-current apparatus is for feeding arc and 
glow lamps in series. 

Auto-Tbansfobmers. 

The auto- transformer (or "one coil" transformer) merely con- 
sists of a coil of wire wound on an iron core, and connected 
across the mains. To some i>oint in it, at a greater or less dis- 
tance from one end, according to the voltage required, a branch 
wire is attached and current is drawn off between this branch 
and one end. In Fig. 505 the endspp are attached to the pri- 
mary mains, while a 8 act as the secondary 
termincds, giving out a lower voltage, and 
acting as a pressure-reducer. It will be 
seen that a greater current can be drawn 
off in this way than is actually supplied 
by the mains, as the portion of coil that is 
common to the circuit acts as the second- 
ary of a transformer. Less copper is re- 
quired than if there were two separate 
coils. If the connections were made the 
other way, so that the lesser number of 
coils were connected to the mains, the 
voltage at the outer terminals would be 
raised ; the arrangement then serving as 
an augmentator of pressure. 

For distribution by the 3-wire system the secondaries of trans- 
formers are often wound to 200 volts, with a middle terminal 
half-way along the coil for the third wire of the network. For 
working three arc lamps in series at 83 volts each, from 100- volt 
mains, an auto-transformer is used having intermediate ter- 
minals, so that each lamp is a shimt to one-third of the coil. 




Fio. 505. 

AinO-TRANSFOBliEB. 



Polyphase Transfobmebs. 

For the special forms of transformers used for 2-phase and 
8-phase currents ; and for transforming 2-phase to 8-phase 
currents, or vice versd^ the reader is referred to the author's 
treatise on Polyphase Electric Currents. 



Transformers. 719 

Theory of Alternate-currbnt Transfobmebs. 

There are two ways of treating the theory of transformers. In 
the first, which lends itself the more easily to simple treatment, 
and has already heen used on p. 699, the fundamental considera- 
tion is the alternating magnetic flux in the core, which induces 
electromotive-forces in the two windings, and is itself due to the 
resultant of the two sets of ampere-turns in the coils. This 
method has been elaborated by Hopkinson.^ In the second the 
calculations are effected by introducing the notion of coefficients 
of mutual and self-induction into the differential equations for 
the two circuits. The latter method, due to Maxwell,* consists 
in finding the electromotive-force induced in the second circuit 
by the variations of current impressed on the first circuit. 

First let us consider the coefficients of mutual and self-induc- 
tion. In order to calculate the mutual action of the two circuits 
we want to know the amount of cutting of magnetic lines by the 
sec€yn/6ij(XTy coils that takes place when imit current is made to 
flow, or is stopped in the 'primary coils. Let M be used as a sym- 
bol for this quantity. It will be proportional to the number of 
turns in the secondary coil, because each turn encircles the iron 
core and cuts the magnetic lines ; it will also be proportional to 
the number of turns in the primary coil, because, casteri^ parOmSj 
the magnetism evoked in the iron core is proportional to the 
ampere turns that excite it ; it will also be proportional at every 
stage to the permeability of the iron core. We may, in fcu;t, 
calculate M by the magnetic principles laid down in Chapter VI. 
Suppose the iron core to form a closed circuit of length Z, section 
A, permeability ft ; and that Si and Ss are the respective numbers 
of turns in primary and secondary. Then, if the primary cur- 
rent is unity (in absolute C.G.S. units), the magnetomotive-force 
due to it will be 4 ^r Si, and the reluctance will hel/ Af*. Divid- 
ing the former by the latter, we shall have an expression for the 
number of lines in the core ; this multiplied by Ss gives the 
amount of cutting of lines by the secondary circuit ; or in sym- 
bols 

M = 4 7rSiS,A/x/;. 

« Proc, Roy, 8oc.^ February, 1887. 

* Philosophical TranBactiona^ dv. pt. i. p. 459, 1885. In this paper Max- 
well shows that the effect of the second circuit is to add to the apparent 
resistance and diminish the apparent self-induction of the first circuit. The 
student will find the equations more fully treated by Mascart and Joubert, 
MectriciU et Magnitiame. i. 598 and ii. 834 ; also by Hopklnson, Journal 
8oc. Teleg. Engineers, xiii. 511, 1884 ; Ferraris, Mem. Acad, 8ci. (Turin), 
xxxvii. 1885 ; and by Vaschy, Annales TSlegraphiques, 1886-^, or Thiorie 
des Machines Magneto et Dynamo-^lectriques^ p. 81. A summary of 
Hazwell^s work is given in Fleming^ s book. 
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The name given to this quantity is the coefficient ofmuttuil tn* 
dtiction. If the current in the primary have the value d (abso- 
lute C.G.S. units), then the amount of cutting by the secondary 
on tiuning this current on or off will be M Ci. And if the rate 
of increase or decrease of the primary current at any instant is 
known, this multiplied by M will give the electromotive-force 
impressed at that instant on the secondary circuit. 

Considerations precisely analogous to those above will show 
that there will be a coefficient of aelf-indv/ction^ which we will 
call Li, which represents the amount of cutting, by the primary 
coil, of the magnetic lines created in the coil when the primary 
coil carries unit current ; and, as before, the value of this coeffi- 

cient will be 

Li — 4 TT SJ A /x / 7. 

As Si is itself usually large, Li will be enormous. Fui'ther, 
there will be a coefficient of self-induction L| in the secondary 
circuit, such that 

La— 47rSJAAi/7. 

In a well-built transformer it is clear that 

If, however, all the magnetic lines due to one circuit are not 
enclosed by the other, M will have a less value than is indicated 
by the above relation. (See a recent paper by Dr. Bedell read 
at the Chicago Congress, 1893.) 
The ratio between the two electromotive-forces and the two 

sets of windings, 

we will call the coefficient of tranrformation. 

If it is assumed that there are equal weights of copper used in 
the primary and secondary coils, then the following relations will 
hold good : — 





Primary. 


Secondary. 


Ratio. 


Windings 

Resistance 

Self-induction 

Eleotromotive-f OTce . . . . 
OiiTxftnt •• •• 


L, 
B, 

c, 

Ci»r, 


s, 

L, 
E, 

c. 


k 
k 

1 


Heat-waste 

• 
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Also M=»^-LA;^ 

MaxwHTs Theory, — ^At any given instant the impressed electro- 
motive-f oroe in the primary circuit must he sufficient not only to 
drive the current C^ through the resistance B^ of that circuit, hut 
must also he adequate to counterhalance the reactions arising 
from mutual and self-induction. These at that instant will have 

the respective values M ^^ and L ~-f^, 

at at 

Accordingly we write as the differential equation of the first 

E,-M^_L.^_R.C=0; (1) 

circuit — ^where E| is the impressed electromotive-force of the 
generator which is supposed to fulfil the condition E| = D sin 2 ^ 
n t (see p. 649). If the supposition is admitted that a constant 
(alternating) x>otential can he maintained at the terminals of the 
primary coil (hy proper compoimding of the alternator, or other- 
wise), then the letters E, L, and Ri, may he taken to apply to that 
part of the primary circuit only which lies hetween the terminals 
of the primary coU. From this differental equation we have to 

deduce a value for M^i^ For hrevity we will writep for 2 ir n; 

cf t 

and— p ' O for ^^-r¥, because C is also assumed to be a sine-func- 
Him. Then differentiating equation (1) '^^ get— 



^ + MyC. + L,yC,-R,^-0. (2) 

Now multiply this by Bj to get equation (3), and multiply equa- 
tion (1) by Lip* to get equation (4) ; and add (3) cmd (4) to get (5). 

R,^ + MyR,C, + L,yR,C\-R,« ^ = 0. (8) 

L,jp^E,-L,/>«M^«-V/)^^*-U/>«R,C=0. (4) 

(^''rI^'^^^=n,^^I^p^E,+^^ (6) 

46 
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Now multiply every termby t> aa.T a^ ^ ^^^ write the following 
abbreviations : — 

M/> 1 






Then 



where ^ relates to the phase of the electromotive-force ; and we 
may write equation (5) as — 

M ^ ^pC^ — X^ — lS^ (6) 

Now the differential for the second circuit is — 

M^' + L.^« + R,C.-0; (7) 

there being in this circuit no other electromotive-forces than 
those due to mutual and self-induction. Inserting in (7) the value 
obtained in (6), we get as the final equation — 

(R,+ /.)C,+ (L,-^)^«-E,-0. (8) 

Examination of the quantity Tc shows us that if R^ be small enough 

or p large enough, it becomes equal to i2. ; or is the same thing 

M 

as the ratio of the windings for which we have used the same 
symbol. Then returning to interpret equation (8) we see that it 
shows us that the whole effect is equivalent to that which would 
happen if, the primary circuit being absent, there were introduced 
into the secondary circuit an electromotive-force equal to Ej 
divided by A?, and at the same time the resistance were increased 
by a quantity equal to Rj/ fc^, and the self-induction were dimi- 
nished by a quantity equal to L| / A;^. If there are equal weights 
of copper in the two windings Lg — Lj / A:*, and R, — Ri /A:« ; and 
the effect when the transformer is fully at work is to make p equal 
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to the internal resistance of the secondary, and \ equal to L^ so 
that the internal resistance is virtually doubled and the self-in- 
duction wiped out. 

Professor Perry has contributed several importcmt papers ^ on 
the theory of transformers, in which he has treated leakage and 
multiple secondaries mathematically. 

^ l^hil. Mag., Angust, 1891 ; and Proc. Bay. 80c. 11. p. 465, May, 1893. 
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CHAPTER XXVIL 

MOTOB-GEKEBATOBS. 

MoTOB-GENEBATOBS are revolving transformers for affect- 
ing transformations which cannot be effected by stationary 
apparatus. They are of two sorts : (1) for transforming a 
continuous current at any voltage into a continuous current 
at any other voltage ; (2) for transforming continuous currents 
into alternating currents (single-phase or polyphase) or vice 
versd. In every case the apparatus consists essentially of a 
combination of a motor with a generator. 

CONnNUOUS-OUBKENT TRAKSFOBMEBS. 

Gramme, in 1874, constructed a machine with a ring-armature 
wound with two circuits— one of coarse wire, the other with fine 
wire, having eight times as many turns. Two separate com- 
mutators were connected with the two windings. This machine 
could be used for transforming either from high to low potential 
or vice vered. The same end can be less conveniently attained by 
uniting on one shaft th& armatures of two dynamos, one to be 
used as a motor driving, the other as a generator ; and these may 
have separate field-magnets or a common field-magnet. There 
is very little sparking with such machines, as the reactions in the 
two sets of coils tend to correct each other. The field-magnet is 
usually excited as a shunt to the low-potential armature coil. 
Swinburne has discussed many possible combinations, including 
one for transforming from a constant-current to a constant-po- 
tential condition of distribution. The chief use hitherto for con- 
tinuous-current transformers has been for transmission of current 
at high voltage, so as to economize copper in the feeding mains. 
In England, continuous-current transformers have been introduced 
with success by various firms. Messrs. Laurence, Paris and 
Scott ^ employ a 2-pole machine with cast-iron frame and an 

* See Electrician, xix. 517, October 1S87 ; and EUctrieidl BeHeiOf zxii. 
4,1883. 



Motor- Generators. 



725 



armature wound with double circuits. In the Chelsea central 
station a number of motor-dynamos are used. They have been 
described in detail by Major-General Webber,^ and include several 
types, some being by Laurence and Scott, others of Elwell-Parker 
construction. In the city of Oxford continuous currents generated 
at 1000 volts are transmitted to motor dynamos at several points 
of the city where they feed the network at 100 volts. 

The following are particulars of an Elwell-Parker bipolar con- 
tinuous-current transformer, with drum wound armature but 
having a commutator at each end. 





Primary. 


Secondary. 


Volts 


1000 
40 

0-427 
648 
162 


110 
860 

0-0052 
72 
86 


AmDeres 


Resistance of armature winding 
Tohms^ 


Conductors around armature 
Segments in commutator . . . . 


Speed 500 revolutions per minute. 

field-magnets: shunt- wound with 8080 turns ; resistance 8*5 ohms. 

Armature core : diameter of disks 16||^ in. ; nett cross section of iron 

826 sq. in. 
Efficiency of double transformation : at full load 88 per cent. ; at 

half load 75 per cent. 



Fig. 606 shows a small continuous-current transformer con- 
structed by the Crocker- Wheeler Co. for the author, for testing 
purposes. It transforms a current of 10 amperes at 100 volts to 
one of 1 ampere at 1000 volts. Mr. T. Parker winds motor- 
dynamos with Eickemeyer coils, the high-pressure windings 
being completed and connected up first. Then the whole surface 
is insulated afresh, and the low-pressure windings are laid on in 
outer layers. 

A second use for continuous-current transformers is the pro- 
duction of large currents at very low voltage, as for electro- 
typing and for meter testing.* 

A third service for which motor-dynamos are employed is to 
compensate the drop in voltage on long mains by inserting into 
the main at a distant point a series motor driving an armature 
placed as a shunt across the mains. Lahmeyer ' calls this device 

^ Journal Inst, Electrical Engineers, xx. 63 to 69, 1891, giving drawings 
and data of three machines. * See The Engineer^ Aug. 11, 1898. 

• Centralblattfur EUktrotechnik, xi. 402, 1889. 
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a "far-leading" dynamo (Femleitungs-dyiiamo). American 
electridanB term it a " booeter." Sayers has described such ma- 
'chines fitted with his compensating winding (p. 895). (See £Iec- 
Mcian, zxxi. 677). 

A fourth application is for chaining accumulators at a higher 
voltage than that of the generator, bo that the lamps may be 
run either direct or from the cells. 

A fifth use is for 3-wire and 5-wire systems of distribution, a 
number of armatures or windings on the same shaft being con- 
nected across the various pairs of mains. If at any pair of 



Fio. B08.— CONTINDOUB-OUERKHT TaAiisroKKZK (Crocke^-Wheeler Co.). 

jnflinB the potential drops, this armature will begin to feed this 
pair, being driven by the other armatures as motois. Such a 
device is caUed an " equalizing " dynamo (AuBgleichungs-dynwno. 
The following are particulars of transformers or ' ' equalizers, " 
as they may be properly called, recently constructed by Messrs. 
Mather and Piatt for the 5-wire supply in Manchester. The ma- 
chines have drum-armatures with the bar winding described oa 
p. 806, with shunt-wound magneto of " Edison-Hopkinson " type. 

TtetlHtknce of magnets 26 ohma. 

Beflictance of each armatare winding . . .0126 ohm. 
With an output on one side of 186 amperes at 103-4 volte, the 
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output on the generator side was 112 amperes at 100*4 volts. 
Hence the efficiency of double conversion, including all frictional 
and mechanical as well as electrical losses, is 83'6 per cent.; or 
looked at from the point of view of the purpose for which the 
machines are specially intended, if there is a difference of 3*0 
volts between the two sides of a 3-wire system, they will transfer 
112 amperes from the higher to the lower side. The journals of 
these machines run on ball bearings. 

A somewhat different system of continuous-current transforma- 
tion has been suggested by Cabanellas,^ and patented by Edison,' 
in which neither armature nor field-magnet revolves, but in 
which, by mean9 of a revolving commutator, the magnetic polar- 
ity of a double- wound armature is continually caused to rotate. 
In a further modification of this idea, due to Jehl and Hupp, a 
mass of ii*on, which completes the magnetic circuit, rotates 
within the double-wound ring.* 

Spark troubles, however, afflict all merely commutating ma- 
chines. 

For further notices of the methods of continuous-current trans- 
formation, the reader is referred to articles by Elihu Thomson, in 
Electrical TTorZd, x. 108, 1887 ; by R. P. Sellon, in Electrician, 
XX. 633, 1888 ; and by Bechniewski, in La Lumiire MectriquSy 
XXV. 416, 1887 ; and see Electrician, xxxi. 677. 

Thbort of CoNTiNnons-cnBRENT Transfobmebs. 

Let g be the potentials at terminals of the primary or motor 
part, and e that at terminals of the secondary or generator 
pait. Let the Ci, ri, and Zi stand respectively for the armature 
current, armature resistance, and number of armature conduc- 
tors of the primary part ; and Q,, rj, and Zg for the correspond- 
ing quantities of the secondary part. Then the two induced 
electromotive-forces will be — 

Ei = nZi|SJ, andE8=nZ8|SJ; and 

Ei = g — riCi, and E, = <? + r, C,. 

Now write A? for Zi -r Zg (the coefficient of tranaformaiion), and 
we have — 

A? c = g — fi Ci — * r, C,. 

* See La Nature, p. 48, 1882. 

« Specification of Patent, 8949 of 1882 ; and Electrician, xix. 479,1887. 
» See ElectHcian, xix. 514, 1887 ; xx. 7, 1887 ; and Specification of Patent 
8180 of 1887. 
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But the electric work done on and by the armature is equal, 
assuming loss by eddy-currents and hysteresis to be negligible, or 
El Ci = Ej Cj ; whence Cj = A? Ci, so that the last equation be- 
comes — 



e 



= f - (- +r.)°' 



This shows that everything goes on in the secondary circuit as 
though the potentials were reduced from that of the primary 
mains in proportion to the respective numbers of windings on the 
armature ; and as though there were added to the internal resist- 
ance of the secondary circuit a resistance equal to that of the pri- 
mary winding divided by the square of the coefficient of trans- 
formation. The ratio of transformation is independent of the 
speed and of the magnetism, though these two quantities depend 
inversely on one another, If the dynamo (or secondary) part is 
compound wound the speed may be very nearly constant at all 
loads ; but there is little advantage in this, as the speed always 
adjusts itself to what is wanted. If the distant generator sup- 
plying the system is properly over-compounded it will keep the 
voltage at the lamps constant, though the transformer is inter- 
posed. The objections to the use as transformers of running 
machines are almost entirely met by the considerations that these 
machines run sparklessly (owing to the balancing of the self- 
inductions of the two windings), and with very little friction at 
the bearings, because the driving and driven parts are both con- 
tained in the one rotating part. The brushes once set need not 
be moved at any load. 

Continuous-alternating Transfokmees. 

To change an alternating current to a continuous one, or 
vice versdj there is required a combination of an alternator and 
a continuous-current machine, serving one as generator, the 
other as motor. This may consist of two separate machines 
coupled together, as shown in Fig. 508, which represents an 
alternator combined with an internal-pole continuous-current 
dynamo, both of Siemens' pattern, to transform from 2000 
volts alternating to 160 volts continuous, for charging 
accumulators, &c. The town of Cassel is supplied with 
continuous currents transmitted as alternate currents at 
high voltage and transformed down by a Kapp alternator 
(tw motor) driving two dynamos. At Buda-Pesth the trans- 
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3 2-pha3e, with coupled plant at sub-stations to give 
out continuous currents. 

But it 13 not necessary for this purpose to couple two 
separate machines. A single winding revolving in a bipolar 
field. Fig. 507, joined up not only to two slip-rings, but also to 
a commutator, will work either as motor or generator for eitlier 
alternating or continuous currents, and therefore can give out 
either kind when driven by the other.' In practice, a more 
complex nmiature with a many-part commutator is used. 
For example, an ordinary Gramme ring is used with the 
addition of two slip-rings which are conducted to two points 



PtO, 807,— SmPLK CONTIStlOUS-ALTKRNATINO TRANSFORMER. 

180" apart. Such a machine has been in use at the Technical 
College, Finsburj-, since 1885, when the rings were added by 
Dr. Walmsley. It will serve as a transfoinier either way, or, 
if driven by power, will furnish eitliorkindof current, or both 
at once. In 1887, the Helios Co., and in 1889, Mr. Bradley 
and Mr. Tesla patented similar devices. For producing 
3-phase currents from continuous currents, three slip-rings 
must be connected on at three symmetrical points. For 
2-pbase currents four sHp-rings are connected at points 90" 
apart. In a recent apparatus of Hutin and Leblanc ^ there is 

1 M. EMplt«)ier proposea to call machines of this claw poIymorpAtc dyna- 
mos. See Soc. Franjaite de Fhi/slque, 1894, p. 204. 
■ See an illnetrated article in X'^Iectrtcten of April 21, 1S94, 
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employed a row of eighteen slip-rings connected at as many 
symmetrical points, and giving rise to eighteen alternate 
currents, each differing in phase hy 20° from its next neigh- 
bor. 



Flo. 608.— CONTIKCOOS-ALTEEMATIBO TRAKSFOBXEEL 

A simple revolving combined commutator like that of 
Fig. 509, would, without any field-magnet, suffice to convert 
continuous into alternating cunents, or to rectify alternate 



currents into continuous, were it not forthe practical difficul- 
ties arisiiig about sparking. The use of the field-magnet is 
to balance the electromotive-forces in the different parts of 
the windings, aa \ve]i as to mainUuQ the proper rotation. 
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PoUak, of Frankfort, and Ferranti have both successfully used 
rectifying commutators, the former for charging accumulators, 
the latter for arc lighting. 

At the Frankfort Exhibition of 1891 many revolving trans- 
formers were shown. The firms of Lahmeyer and Schuckert, 
in particular, displayed many very interesting forms of poly- 
phase apparatus, in which this feature was prominent. 

Messrs. Schuckert and Co. showed a six-pole ring-wound 
machine, capable of transforming from a continuous current 
or single-phase, 2-phase, or 8-phase currents to currents 
of any or all of the other three kinds. It consists of an 
ordinary ring armature with a 144-part commutator, wjiose 
windings in front of the different pairs of poles are cross- 
connected in parallel (Mordey*s well-known method). As 
there are 144 sections in the winding, and six poles, the 
number of sections that lie between any pole and the next 
pole of the same sign will be 48. From Nos. 1, 17 and 83, 
that is to say, at points equally spaced out at distances of 
one-third of the extent of the winding between any pole and 
the next pole of the same sign, are attached three wires 
which are brought down to three slip-rings from which 
brushes supply 8-phase Currents. To four points also equally 
spaced along the same section of the winding (namely, Nos. 1 
13, 26 and 87), are attached four wires, which going to four 
other slip-rings, supply both single and 2-phase currents. 

An 8-pole revolving transformer on a similar principle, 
but having a wave-wound drum armature, was shown at 
Frankfort by the AUgemeine Company. It could receive 
continuous current at about 100 volts, and transform this into 
8-phase currents at about 70 volts. This transformer is now 
in the laboratory of the Technical College, Finsbury. 

The most important motor-dynamos yet made are those 
constructed at Schenectady for the Niagara works.^ 

They are 20-pole multipolar drum machines, having the 
ordinary commutator, but also having four slip-rings added, at 
the back of the armature. They receive the 2-phase current 
already transformed down to 115 volts and deliver 8000 
amperes at 150 volts for the purpose of aluminium reduction, 

1 See Gassier* B liagazine^ 1895, p. 884. 



Ti'^ Dynamo-Electric Mcuhinefy. 



CHAPTER XXVIIL 

ELECTEIO TRANSMISSION OF BNEEGY. 

In all problems relating to the electric transmission of power, 
whether over short or long distances, it is vital to remember 
that the two factors to be considered are the current and the 
pressure (or voltage) at which it is transmitted. In the 
ordinary distribution of electric energy from central stations 
in cities, whether with direct or alternating currents, it is 
usual to observe the condition of constant pressure^ the current 
being varied in proportion to the demand. But for series 
lighting, it is possible to observe the other condition of main- 
taining a constant current^ the pressure being varied in pro- 
portion to the number of lamps in the circuit. It is well to 
bear this distinction in mind in the problem of transmission to 
a distance, although in fact power may be electrically supplied 
without conforming to either of these prescribed conditions of 
supply. We have seen, p. 492, how it came to be recognized 
that the secret of success in long-distance transmission lay in 
the use of high voltages, as this permitted the use of small 
currents, and therefore of thin conducting wires. We may 
with advantage recapitulate the problem of economy of trans- 
mission. 

It is required first to determine the relation between the 
pressure at which the current is supplied to the motor, and 
the heat-waste in the circuit. 

Let SR stand for the sum of all the resistances in the 
circuit; then, by Joule's law, the heat-waste is (in watts) 

C^ 2 R. And since C = ,,^ , we may write : 

heat-waste = (^— ^)^ 
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Now suppose that without changing the resistance of the 
circuit we can increase S to &, and also increase E to E, while 
keeping % — E the same as g — E, so that the current will be 
the same : it is clear that the heat loss will be precisely the 
same as before, while more energy is transmitted. The 
efficiency is greater, for 

power of motor C E E 

power of generator eg g ' 

E 

and this ratio is more nearly equal to unity than ^ , because 

both % and E have received an increment arithmetically eqn:U . 
As an example, suppose S to be 100 volts and E 90 volts, a;.c] 
the sum of the resistances to be 1 ohm. Then C will be 10 
amperes. The power supplied will be 1000 watts; that 
utilized will be 900 watts ; the heat-waste is 100 watts ; and 
the electrical efficiency 90 per cent. Now suppose the voltages 

increased so that i is 1000 volts, and ^ 990 volts. The 
current will still be 10 amperes. The power supplied will be 
10,000 watts, of which 9900 will be utilized and 100 wasted in 
heat. We have 10 times as much power transmitted, with the 
same heat-waste as before, and the efficiency has risen to 99 
per cent. Clearly, then, it is an economy to work at high 
voltage. 

High voltage can be attained in several ways : by winding 
armatures with many turns of fine wire, by using higher speeds 
and by putting several machines in series. In the case of 
alternate currents there is the additional resource of using 
step-up transformers (see p. 788 and p. 741). 

The advantage derived in the case of the electric transmis- 
sion of energy from the employment of very high electro- 
motive-forces in the two machines is also deduceble from the 
diagram. 

Let Fig. 828 given on p. 499, be taken as representing 
the case where S is 100 volts and E 80 volts. Now suppose 
the resistances of the circuit to remain the same while S is 
increased to 200 volts and E to 180 volts. @ — E is still 



734 



Dynamo-Electric Machinery. 



20 volts, and the current will be the same as before. Fig. 510 
represents this state of things. The square K G H D which 
represents the heat-waste is the same size as before ; but tlie 
energy spent per second is twice as gpreat, and the useful work 
done is more than twice as great as previously. 

We may look at the matter from a different point of view. 
Power being made up of the two factors E and C, if it is 
required to transmit a certain prescribed number of watts we 
will by preference make E high and C low, for it is the flow 
of the current through the resistances of the circuit that causes 

the loss, while the only 
^ ^ disadvantage of a high 
electromotive-force is the 
difficulty in preserving 
the insulation. The 
electromotive-force will 
therefore be made as 
high as it can be made 
consistently with safety. 
If we double the pres- 
sure, thereby reducing 
the current to one-half, 
we reduce the loss to 
one-quarter, as the loss 
is proportional to the 
square of the current. 
In an experiment, M. Fontaine,^ by using several Gramme 
machines coupled in series at each end of aline, the resistance 
of which was 100 ohms, succeeded in transmitting 60 horse- 
power with a mechanical efficiency of 62 per cent. This 
experiment realized the suggestion made in 1879 by Elihu 
Thomson for the economic use of several machines in series. 
Seven machines were used, of similar construction, of the 
" over " type, each weighing 1200 kilogrammes, and of about 
16 kilowatts capacity. Four were united in series at the gen- 
erating end, and driven at 1298 revolutions per minute by a 
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1 V Eleetricien, x. 707, 1886. 
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steam engine indicating 113 H.P. Brake tests at the generat- 
ing end showed the actual H.P. to be 95*88. The other three 
machines were used as motors, their power being measured 
by a brake. They gave out 49-98 H.P. at 1120 revolutions 
per minute. The cuiTent was 9-84 amperes. The result is 
that there was a nett efficiency of 52 per cent. The re- 
sistance of the machines was about W\ ohms each. The 
voltage at the generating end of the line was 5996 volts ; 
that at the receiving end was 5062 volts. 

Efficiefncy of Transmission. — It can readily be shown that 
with two series dynamos, the electrical efficiency of trans- 
mission, when there is no leakage, in the ratio of the electro- 
motive-forces developed in the armatures of the two machines. 
To do this we will consider separately the efficiencies of the 
three parts of the system. Writing E^ for the electromotive- 
force developed in the generator, E^ for that of the motor, r^ 
and ra for their respective internal resistances, we shall then 
have 

E C — T C* 

Efficiency of generator ..1^4 = , ^ ^ — ; 

El C 

Efficiency of line . . . . i?8 = '^ "^ ^'^, ; 

hiiLf — ViLf 

Efficiency of motor . . . . 1^3 = ' — _ . ; 

Hence the resulting efficiency of the whole system will be 

E 

il*i 

If the machines are shunt-wound or compound-wound, or 
if there is leakage on the line, the currents through the 
armatures will no longer be alike in the two machines. 
Writing the respective armature currents as i^ and i^ we shall 
have in this case, as the electrical efficiency of transmission, 

____ Et Cg 
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As an example of transmission to a moderate distance by con- 
tinuous currents we may cite the plant at Schaffhausen erected 
by the Oerlikon Works of Ziirich where 500 actual horse-power 
are delivered to the spinning mills electrically, with a nett effi- 
ciency of 78 per cent, from turbines in the river 750 yards away, 
two generators (6-pole over-compounded dynamos designed by C. 
E. L. Brown) being used to give each 330 amperes at 624 volts. 
The motors, which are of the same type, are constructed with 
field-magnets, which are relatively more powerful than those of 
the generators, and run without varying more than 3 per cent, in 
speed between no-load and full load. The commutators are 
guaranteed to last for 20,000 hours. 

Another example ^ of transmission with continuous currents is 
afforded by the plant for supplying power to mills and to a cen- 
tral lighting station at Grenoa. Water power derived from a 
tributary of the Po is converted for transmission in several sta- 
tions on the mountain side at a distance of 16 miles from Genoa. 
In one of these stations there are eight Thury continuous-current 
machines of 70 H.P. each, coupled in pairs to 140 H.P. turbines. 
Each machine yields 47 amperes at 1000 volts. They are sep- 
arately insulated on porcelain and coupled in series so that the 
power is transmitted at a total pressure of 8000 volts. The con- 
ductor is of bare copper carried on oil insulators. 

When a very high electromotive-force is required for the 
purpose of transmitting power, it is found convenient to use 
alternating currents (p. 547) for the two following main 
reasons. 

(1) Alternate-current generators require no commutator, 
and therefore the cuiTent can be generated by one machine at 
the full pressure required. 

(2) Alternate currents can be transformed from one pres- 
sure to another by means of a simple transformer without 
moving parts. 

The objections to alternate currents for this purpose 
are \ — 

(1) As the m aximum pressure with alternate currents is 
1*41 times the |/ mean ^ pressure, an alternate current of a 
certain value will not transmit as much power along a line as 

1 JflcJk. ZeiUch. 18»2, xiU. 216 ; Joum. Inst, Elec. Eng., 1892. xxi. 634. 
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a continuous current of equivalent value whose pressure is 
equal to the maximum pressure of the alternate current. 

(2) There may be a loss of power in the line due to the 
wattless current (p. 567). 

(3) There is a certain amount of loss of pressure in the 
line due to self-induction apart from the resistance of the 
li-*xe (p. 569). 

(4) There is a slight increase in the resistance of the mains 
due to skin effect if the frequency is high or the currents 
large (p. 578). 

(6) Until recently alternate currents for transmitting power 
were open to the objection that alternate-current motors were 
not self-starting. This objection is removed by the introduc- 
tion of selfnstarting monophase motora of high eflSciency (p. 
687), and by the employment of polyphase currents (p. 662). 

The two advantages of alternate currents mentioned above 
so much outweigh the objections, that in the majority of cases 
of long-distance transmission in all parts of the world 
alternate currents are used. 

In the largest scheme for the distribution of power ever 
undertaken, namely, from the Niagara Falls, alternate currents 
in two phases ai'e used. The 5000 H. P. dynamos for 
generating the current are described on p. 638. They are 
three in number and yield 1550 amperes each (776 amperes 
in each circuit) at 2260 volts. The power is intended for dis- 
tribution to factories in the immediate vicinity, and also for 
transmission to considerable distances. Continuous currents 
for aluminium smelting are obtained by means of rotating 
transformers. For distribution to great distances the pressure 
is raised by transformers to 20,000 volts. The water power 
available is about 100,000 H.P., and this will be utilized from 
time to time as the demand increases. It is probable that 
some of the future dynamos will generate the current for 
distant transmission at the full pressure without the interven- 
tion of step-up transformers. A subway carries the main 
conductors for a distance of 2500 feet, the conductoi-s consist- 
ing of bare copper strip carried on oil insulators. From this 
subway branches are taken to neighboring factories. 
47 
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An instance of transmission of power at high pi-essure 
which has been in existence for over three years is at Hoch- 
felden, Switzerland, carried out by the Oerlikon Co. Fig. 511 
gives a view of the station showing the three generators, which 
were designed by Mr. C. E. L. Brown, in 1890^ They are 
8-phase machines, each of 200 horse-power, running at 180 
revolutions per minute. Excepting in having the vertical 
shafts directly above the turbines by which they are driven, 
they closely resemble the Lauffen generators. They give 
86 volts pressure between the terminals. To raise the voltage 
each is connected to a 3-phase transformer immersed in oil, 
one o{ these transformera being visible on the right hand 
of the cut. The pressure is raised to 13,000 volts, at which 
pressure the currents are conveyed by three wires, each 
4 mm. in diameter, to the Oerlikon Works (a distance of 
24 kilometres, or about 15i miles), where by means of step- 
down transformers of similar construction the pressure is 
lowered to 190 volts, and the currents are distributed for 
lighting and power at this pressure. 

Qrapfdc Representation of Transmission. — A convenient mode 
of representing graphically the relative amounts of energy ex- 
pended at the transmitting end and utilized at the receiving end 
is the following, which is due to von Hefner Alteneck : — 

Let (Fig. 512) the perpendicular lines A Ei and B Eg represent 
respectively the electromotive-forces at the transmitting and re- 
ceiving machines ; and let the horizontal lengths A Li, Li I^, and 
La B represent respectively the resistances of the machine at A, 
the line (including return wire), and of the machine at B. Join 
El Ej : the tangent of slope (Ei F -r- F E?) of this line will repre- 
sent the current flowing. From A and from B drop perpendiculars 
upon this sloping line, and produce them to the points Wi and 
W2, level with Ei and E,. The length of the lines Ei Wi and Eg 
W> will represent relatively the energy transmitted and received. 
For, by the construction each is proportional to the respective 
electromotive-force and to the slope of Ei B2. The energy lost in 
heat may, on the same scale, be represented by the length of the 
line El H.* 

^ For a f nrther geometrical discussion of the problem of electric transmis- 
sion of power, see a paper by Reignier, in La Lumi^e £lectriquey xxiii. 
852, 1887. 
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Economy of Transmission, — As already shown, the economy of 
transmission (lex)ends on the voltage at which the power is trans- 
mitted, and on the resistance of the line. The question then 
arises at what amount ought the latter to be fixed to make the 
economy a maximum. If one saves heat- waste by putting up a 
thick copper wire for the line, the interest on the prime cost of 
the line may more than balance the saving in power. An answer 
was given in 1881, by Lord Kelvin, to one form of the problem, 
in which it is assumed (1) that the voltage is fixed, (2) that the 
power to be transmitted is a fixed amount. If these are the con- 
ditions, then the total annual cost of the power wasted in the re- 
sistance of the line and of the interest on the copper (including 




Fio. 512. 

insulation and erection) will be a minimum when these two 
annual items of cost are equal to one another. Much confusion 
has arisen from the ignorant application of Thomson's law to other 
cases than those for which it is true. In 1886, Professor Ayrton 
and Perry ^ considered some other cases, and have arrived at 
several important conclusions. If a given amount of power has 
to be furnished by a motor at one end of a line, using a given 
voltage at the generator at the other end, maximum economy is 
ol)tained, not by keeping the current-density constant, but by 
making it less, as the length of line to be used is greater. The 
smaller the voltage that may be employed at the generator, the 
smaller must the current-density in the line be to obtain the 
maximum efficiency. More recently, Mr. Kapp,* in his Cantor 

* Journal Soc, Telegr, Engineers, xv. 120, 1886. 

2 Journal 8oc. Arts, zxxix., July 10, 1891 ; also his book on Electric 
Transmission of Energy, 4th edition, 1894, in which some very useful 
curves are given. 
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Lectures, has given a more general solution, taking into account 
the voltage and the cost of the machines as well as that of the 
line. It is assumed that the annual value of power at the gener- 
ating station is known as well as the cost of plant per horse-power. 
Of the data required to be known, such as primary horse-power, 
total efficiency, voltage at motor, annual cost of power delivered, 
and working current, the last mentioned is the most important 
to be calculated, for from it the other matters can then be found. 
Kapp finds that under no circumstances will it be economical to 
lose more than half the i)ower in the line. 

A useful set of tables, showing the cost of laying one additional 
ton of copper, meaning thereby that part of the capital outlay 
which is proi)ortional to current, was given by Prof. G. Forbes in 
his Cantor Lectures* of 1885 on the Distribution of Electricity. 

The secret of economy in all long-distance transmission lies, as 
we have seen, in the use of high voltage. But it is found in prac- 
tice that continuous-current machines cannot advantageously be 
used at such high voltages as 3000 and 4000 volts, inasmuch as 
the commutators will not stand the strain on their insulation. 
Even putting several machines in series, though it lessens the 
voltage on each dynamo, does not prevent the risk of break-down 
of insulation. Hence the superiority of alternate-current ap- 
paratus, which requires no commutator. Moreover, where volt- 
ages exceeding 10,000 volts are desired, it is found preferable to 
use low- voltage alternators and motors, and to insert step-up 
transformers at the generating end, and step-down transformers 
at the receiving end (as proposed in 1881 by Deprez and Car- 
pentier), since it is much easier to insulate thoroughly the station- 
ary windings of a transformer than the parts of any running 
machinery. The question whether, of alternating systems, the 
ordinary single-phase, or one of the more novel 2- or 3-phase 
systems, is to be preferred in long-distance transmission is still an 
undecided matter. 

As an example of long-distance transmission at an extra-high 
voltage may be cited the experimental line erected in the summer 
of 1891, from Lauffen to Frankfort, a distance of 175 kilometres. 
At Lauffen a special low-pressure turbine was fixed in the river 
Neckar to drive the 3-phase alternator, by Brown, described on p. 
627, capable of giving (at full i)ower) three alternating currents of 
about 1400 amperes each at 50 volts. These currents were con- 
verted by special transformers into three smaller currents at 8000, 
12,500 or 25,000 volts. Three copper wires, each 4 mm, in 

1 Journal Soc, Arts^ 1885. 
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diameter were carried to Frankfort on tall poles ; about 10,000 
porcelain insulators being employed, with oil-cups for high in- 
sulation. At Frankfort the currents were received into step-down 
transformers and reconverted to the low pressure of about 60 volts, 
to supply either lamps or 3-phase motors. Tests were made by a 
jury, having Prof. H. F. Weber as its head. Their report con- 
cludes with the following summary : — 

(1) In the Lauffen-Frankfort plant for the electric transmission 
of energy over a distance of 170 kilometres, by means of a system 
of alternating currents, with a pressure of 8500 to 7500 volts, and 
bare copper conductors insulated by oil and porcelain, the lowest 
output in the tertiary circuit at Frankfort was 68"5 i)er cent., and 
the highest output was 75*2 per cent, of the energy given out by 
the turbine at Lauffen. 

(2) In this transmission to a distance, the only cause of loss 
measurable by the instruments was that due to the resistance of 
the circuit (Joule's effect). 

(3) Theoretical considerations showed that the influence of 
capacity upon long aerial bare conductors for transmission of 
energy to a distance by alternate currents, under the conditions 
employed, and with use of a frequency of 30 to 40 periods per 
second, is of so entirely subordinate a magnitude, that it need not 
be considered in designing electric transmissions. 

(4) As the expression of our experience during the foregoing 
measurements for the determination of the efficiency of the 
Lauffen-Frankfort transmission of energy, we add, as a fourth 
result : — ^The electrical running with alternate currents of 7500 
to 8500 volts in conductors of more than a hundred miles in 
length, insulated by means of oil, porcelain, and air, proceeds just 
as regularly, safely, and as free from disturbances as does run- 
ning with alternate currents of a few hundred volts pressure 
over conducting wires of a few metres length. 

In some further researches,' with a high pressure of 25,000 volts 
from line to line and with a frequency of 24 periods per second, 
an efficiency of 75 per cent, was obtained with a load of about 180 
horse-power. 

1 Official Report of the Frankfort £xhil)ition, 11. p. 451, 
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CHAPTER XXIX. 

BEQULATORS FOR DTNAMOB. 

Modes of governing the performance of dynamos are needed, 
not only for keeping the pressure at some constant number of 
volts or for keeping current at some constant number of amperes, 
but also for such purposes as to enable the voltage of any one 
dynamo to be raised in order that it may feed into some distant 
point of a distributing network. 

The output of a dynamo depends on three intrinsic matters, 
namely, (t.) speed n, (n.) number of armature conductors Z, and 
(n'l.) magnetic flux N ; ^^^ ^^ ^^o extrinsic matters, namely 
{iv.) resistance of the circuit ; and (t?.) counter electromotive- 
forces in the circuit. It is therefore clear that any of these five 
matters might afford a method of controlling the performance of 
the machine. 

To introduce resistances into the main circuit is always waste- 
ful, and may be dismissed as an imeconomical method of regula- 
tion suitable only for experimental purposes. To introduce 
counter electromotive-forces into the extemcd circuit can be done 
in the case of alternate currents by the use of choking coils, and 
in the case of continuous currents by the reversed introduction 
of charged secondary cells ; but this is impracticable save for 
special cases on the small scale. It remains therefore to consider 
the three intrinsic methods. 

Speed governing is clearly limited to those cases where there is 
a separate engine for each d3mamo ; and in such cases a special 
governor will be required instead of the usual centrifugal engine 
governor. 

To alter the number of conductors in a rotating armature 
whilst it is running is absurd. Their effective number can, how- 
ever, be altered by the device of shifting forward the brushes so 
that they collect the current not at the i)oint of highest i)otential, 
but at some other point. This method virtually uses some of the 
armature windings, namely, those between the neutral i)oint and 
the point to which the collecting brush is advanced, to produce 
internal counter electroqiotive-forces, 



744 Dynamo- Electric Machinery. 

To alter the magnetic flux is the almost universal mode of con- 
trol ; and it may he accomplished in two entirely distinct kinds 
of way. 8ince the flux depends on the excitation (or ampere- 
turns) and on the reluctance of the magnetic circuit, it can be 
varied by varying either the former or the latter. The excitation 
may be altered in various ways, (a) by the hand with the aid of 
rheostats and commutators in the exciting circuit, or (6) auto- 
matically by special ^vemors in substitution for the hand, or 
(c) by devices of compound winding. The magnetic circuit may 
be varied in several ways, as {d) by moving the pole-pieces nearer 
to or further from the armature, (e) by opening or closing some 
other gap in the magnetic circuit, (/) by drawing the armature 
end- ways from between the i)ole-pieces, ig) by shunting some of 
the magnetic lines away from the armature by applying a mag- 
netic shunt across the limbs. All these magnetic devices have 
been tried,^ but not with much success except in small machines. 

Hand-Regulators, — These consist of sets of sliding contacts to 
enable the operator to perform one of the following operations : — 
(1) Insert or remove resistance from the exciting circuit of a shunt 
dynamo by means of a rheostat * (see Edison^s regulator, Fig. 152, 
p. 226) ; (2) insert or remove resistances, shunting the magnetiz- 
ing coils of a series dynamo ; (3) cut out more or fewer exciting 
coils, these being grouped in sections. 



CONSTANT-PRESSUBE AND CONSTANT-OUREENT REGULATORS. 

In all automatic regulators there is a part which has to act as 
the brain of the instrument, watching as it were against any 
variation, and setting into action the mechanism which is to 
counteract the variation. This watching device is usually some 
sort of an electromagnet, often a coil with a movable plunger. 
When the volts are to be kept constant the coil of the controlling 
device must be wound as a voltmeter coil, that is of fine wire, of 

^ For an example of (d) see Firth's method (see Industries, ix. 161) in 
which the polar masses are drawn backwards by screws ; and of (g) a mag- 
netic shunt applied by Desroziers, La Lumi^e ^lectrique, zxiv. 394. 
Other magnetic methods have been used by Goolden and Trotter, Langley, 
.-^4^Muller, Lontin and Diehl. 

* On the construction of such rheostats, choice of wires, and the like, see 
Herrick, Electrical World, xv. 240, 1890. Important advances have lately 
been made in the introduction of enamelled I'esistances, for the first of 
these operations. Fleming has devised special rheostats for absorbing 
power in wires strained over resilient supports. 
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high resistance, and connected as a shunt. When the amperes 
are to he kept constant the controlling coil must he wound like 
an amperemeter with thick wire, of low resistance, and inserted 
in the main circuit. Alternators are usually regulated hy oper- 
ating on the circuit of their exciters, the current in the governor 
coil heing derived from the mains hy a small transformer. 

Automatic regulators are of two species : in one the work of 
moving the regulator is accomplished mechanically, the control 
only heing electrical ; in the other hoth the control and the moving 
power are obtained electrically. Groolden's regulator, which was 
illustrated in the previous edition of this book, belongs to the 
former of these classes.. The sliding piece of the rheostat is 
worked by a vertical screw, and this is caused to rotate right or 
lef t-handedly as may be required under the operation of a double 
crown-wheel on a sleeve on the vertical spindle to which rotation 
is imparted by a small pulley driven slowly from the engine. 
The controlling pcurt — ^the brain of the apparatus — is a solenoid 
with suspended iron plunger. When the current in this coil is of 
proper normal strength the plunger is drawn in just so far that 
the crown-wheel is not in gear either with the upper or the lower 
driver. If the current in the coil grows weak the plunger rises, 
causing the crown-wheel to engage in the upper driving screw, 
which immediately begins to move the sliding-contact in such a 
way as to increase the excitation of the dynamo, and bring back 
the current in the coil to its normal strength. Slater Lewis has 
lately introduced a differential solenoid arrangement into the 
regulator. 

An example of the second kind of regulator is that of Maquaire, 
in which the moving as well as the controlling mechanism is 
electrical. The moving mechanism is a small motor made revers- 
ible by the device explained on p. 519. The controlling mech- 
anism is virtually a relay, consisting of an electromagnet with 
its armature balanced by a spring. 

If the main pressure becomes too low the tongue of the govern- 
ing relay rises, and touching one of the contact-stops, causes the 
motor armature to turn so as to alter the resistance and increase 
the excitation of the dynamo. 

In Fig. 513 is shown an automatic regulator of the first kind, 
designed by Thury and manufactured by the Allgemeine Co., of 
Berlin. The vertical relay is shown on the left : it actuates one 
or other of two horizontal coils which throw into gear one or other 
of the two bevel wheels that drive the worm which turns the rheo- 
stat arm. The pulley on the end of the drivingshaf t must be driven 
idowly from the engine ; or in emergency may be turned by hand. 
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A simple exampleof the purely electric regulator is afforded \sf 
that of Brush (Fig, 614J by which a series dynamo is made to 
yield a constant current. Acroee the field-magnete F. M. is con- 
nected a carbon shunt G of variable resistance, the resistance of 
the shunt being adjusted automatically by a governing electro- 
magnet B whose coils form part of the main circuit. 

When traversed by the normal current it attracts its armature 
A with a certain force just sufficient to keep it m its neutral poei- 



Flo. 518.— Thoby'b Reoui^tcul 

tion. If the current increases, the armature is drawn upwards 
and causes a lever to compress the column of carbon plates ; tho 
current thus being diverted to a greater or lesser extent from the 
field-magnets. This regulator will keep the current constant 
even though the speed of driving may be irregular. 

Another purely electrical regulator is that used with the 
Thomson-Houston arc-light dynamo (p. 483). 

In Statter's regulator the brushes are shifted by a motion de- 
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rived mechanicall; from the rotation of the dTiiamo, but elec- 
trically controlled. 

Ibe method of r^ulating Pars(Hi'8 turbo-alternator was de- 
scribed on p. 62B. 

A regulator devised by Waterhouse employa a third brush upon 
ihe commutator to carry a variable portion of the current around 
it special circuit. It was illustrated in the previous edition of this 
oook, as were also the rc^^ulatora of Henrion and of Sperry. 



FlO. 614.— BBITSH'S AUTOIfATIO Rboitlatob. 

A special study of this method of regulation has been made by 
Caldwell,' who has shown that it cim also be applied to constant- 
preesure regulation. 

For constant-current work Wood has devised a regulator in 
which a pilot brush is also employed, but there are two exciting 
circuits wound differentially, and there is an electromechanical 
device for shifting the brushes, attached to the dynamo. It was 
depicted in the former edition. 

An interesting example of the use of a magnetic shunt to pro- 
duce a constant current, occurs in the regulator of Trotter' and 
Bavenehaw, in which, instead of diverting the magnetic lines out 
of their usual path, into a path of lower magnetic reluctance by 
employing a movable keeper of iron, the plan is adopted of fixing 
the keeper and varying its effects by surroundiiog it with a 
counter magnetizing coU. 



• Sea paper by A, P. Trotter, In flecMclun, xlx 874, 1887. A dniwlng 
of the govwnw itself ia given hi the ilecMeal Beriew, ili. 289, Sept. 17, 
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M. Reignier ' has drawn attention to a solution of the problem 
of exact governing to procure a constant current by automatically 
varying the number of coils through which the current is per- 
mitted to pass. 

Elbctrio Qovernobs fob Steam-enginbs. 

No centrifugal governor attached to the steam-engine can keep 
the speed of the dynamo truly constant ; for it does not act until 
the speed has become either a little greater or a little less than the 
normal value. Few mechanical governors will keep the speed 
within 5 per cent, of its proper value, imder sudden changes of load. 
Hence the suggestion which underlies all electrical governors, 
that the admission of steam from the boiler to the engine should 
be controlled by the electric current itself, the speed of driving 
being varied according to the demands of the circuit. It is 
emphatically needed wherever the loads are liable to sudden vari- 
ations, as in the case of generators for electric railways. Nupier- 
ous suggestions of a more or less practical nature have been made 
by Lane-Fox, Andrews, Richardson and others. 

Richardson^s governor ^ was described in detail and illustrated 
in the previous edition of this book. More recently Mr. Richard- 
son has described ' some detail modifications which include the 
use of a relay controlling a mechanically driven governor so as 
to regulate the engine to maintain a constant electric pressure at 
any given distant point in the network of mains. 

Willans' governor* employs the attraction exerted by a solenoid 
on an iron core to actuate an equilibrium valve ; but the action 
is indirect, the solenoid core operating on the small valve which 
controls a hydraulic piston, the latter in turn controlling the large 
steam valve. The arrangement was depicted and described in the 
previous edition of the present book. A comparatively small 
solenoid, actuated by but 0-3 ampere of current and absorbing 
only about 32 watts of power, may by this use of a hydraulic 
relay, or by a steam relay valve, bring a force of many pounds 
to bear upon the main steam valve, and vdll control with ease an 
engine of several hundred horse-i)ower. 

One great advantage of the electric governor is that it cuts 

1 La Lumiere Electrique, xxvi. 420, 1887. 
« See Specification of Patent, No. 288 of 1881. 
• Proc, Inst, Civil Engineers, cxx. pt. 11., 1895. 

« See Specifications of Patent Nos. 1184, 5291 and 5945 of 1883 ; also paper 
by P. W. Willans in Proc. Inst. Civil Engineers, Ixxxi. pt. iiL 1884-5. 
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down the consumption of steain to the actual demands made upon 
the electric circuit, and prevents injury both to the dynamo and 
to the steam-engine. - 

I>{friamofm^irio Ocveming. — Another method of governing 
dynamos is too important to be omitted. The power transmitted 
along a shaft is the product of two factors, speed and torque. 

But the power of a dynamo is measured electrically by the 
product of its electromotive-force into the current it drives 
through the circuit. If £ stands for the electromotive-force, and 
C for the current, then 

E C = power (in watts). 

Now we know that, other things being equal, the electromo* 
tive-force E of the dynamo is proportional to speed of driving. 
It follows at once that the torque will be proportional to the cur- 
rent C. This at once suggests that a dynamo may be driven so 
as to give a constant current, provided it be driven from a steam- 
engine governed not by a centrifugal governor to maintain a con- 
etant speedy bid by a dynamometric governor to maintain a con- 
stant torque or turning moment. Some good transmission 
dynamometers, such as that of Morin, or one of the later varie- 
ties, such as those designed by Ayrton and Perry, or best of all 
that designed by the Rev. F. J. Smith,^ may be adapted to work 
an equilibrium valve, and would fulfil the above condition of 
governing. 

Prof. E. Thomson has suggested the use of a dynamometric 
apparatus to govern a constant-current dynamo by the method 
of shifting the brushes. A description of this governor was given 
in the second edition of this work. 

Ocveming by Steam-preaeure, — It was remarked above that 
electric power and mechanical power are each a product of two 
factors. But in an ordinary steam-engine the work per second 
also consists of two factors, viz. speed of piston and steam-pres- 
sure ; and the angular velocity of the shaft is proportional to the 
former, and its transmitted torque to the latter. Therefore the 
condition of maintaining a constant current ought to be fulfilled 
if the pressure is always constant. If the valves are such as to 
admit a fixed quantity of steam at each stroke, and if the boiler 
pressure is really kept up, then the average pressure behind the 
piston ought to be constant. In practice this is never attained, 
on account of the friction of the steam against the steam-pipes 
and port-holes of the valves. The internal friction in the engine 

1 See his excellent little book on Work-mecuuring Machines^ published 
by Messrs. £. and F. N. Spon. 
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plays the same part in preventing absolutely true self -regulation, 
as does the internal electrical resistance in the dynamo. An 
approximation is all that is x>ossible.^ In on experiment made by 
M. Pollard with a Gramme dynamo, the current gave deflections 
on a galvanometer, varying only from 52° to 54°, while additional 
resistances were introduced into the circuit, which caused the 
speed to run up from 436 to 726 revolutions per minute. Theo- 
retically, therefore, a constant current ought to be one of the 
easiest things to maint>ain with a series dynamo. Have adefquate 
boilers, keep the steam-pressure always at one point, abandon all 
governors, and admit equal quantities of steam at each stroke 
whatever the speed ; the result ovught to be a constant current. 
The condition of maintaining a constant i)otential cannot be sim- 
ilarly solved, except by employing a shunt dynamo under condi- 
tions that are both uneconomical and impracticable. But in the 
case of constant-current working it is x>ossible to go further 
toward realizing such results. The existing method of maintain- 
ing a constant steam-pressiire is to put upon the boiler a press- 
ure-gauge which indicates to the stoker when he is to add more 
fuel and when to damp down the fire. Let the pressure-gauge 
be abandoned, and instead, let there be provided at the side of 
the furnace an amperemeter, and let the stoker feed or damp his 
furnace fires according to the requirements of the electric system 
of distribution. Is there any valid reason why such a method of 
government shoidd not be efficient in practice, at least in the case 
of the series dynamo for constant currents ? 

Finally, to render the system truly automatic, it is conceivable 
that mechaniccd stoking appliances might be arranged, under the 
control of the amperemeter or voltmeter, to supply the fuel in 
proportion to the number of lamps alight. In the case of gas 
engines or oil engines such a control would be very easily carried 
out. 

1 See Edmunds in Journal 8oc, Teleg. Engineers, xvii. 697, 1888 ; also 
Electrician, xxii. 349, 422, 1889. 
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CHAPTER XXX. 

TESTING DYNAMOS AND MOTOBS. 

Tests to be applied to dynamos are of two kinds, viz. those 
which relate to the resistance and insulation of the various 
parts, and those which relate to the efficiency under various 
loads. 

Testing Construction. — ^The resistance of the various parts 
of the armature coils, of the field-magnet coils, and of the 
various connections, may be tested in the ordinary manner, 
by means of a Wheatstone's bridge. The only point of 
difficulty lies in measuring such small resistances as those 
of armatures and of series coils, which are often very small 
fractions of an ohm. In this case probably the best method of 
proceeding is the following. By means of a few accumulator 
cells send a strong current through the coil or armature 
whose resistance is to be measured, interposing in the circuit 
an amperemeter. While this current is passing, measure, by 
means of a sensitive voltmeter, the fall of potential between 
the two ends of the coil. By Ohm*s law, the number of volts 
of fall of potential divided by the number of amperes will 
give the resistance in ohms. Additional accuracy may be 
secured by connecting in the circuit a strip of stout German 
silver, as recommended by Lord Rayleigh, of known resist- 
ance, and comparing the fall of potential between the two 
ends of the strip with the fall of potential in the coil. The 
ratio of the two falls of potential will equal the ratio of the 
resistances. 

The internal resistance of a dynamo when warm after 
working for a few hours is considerably higher than when it is 
cold. Tests of resistance ought therefore to be made both be- 
fore and after the dynamo has been running. The perfection 
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of the magnetic circuit may be tested in two ways. One 
way is to measure the proportion of magnetic leakage induc- 
tively (p. 153). The other way is to join up a known suitable 
resistance to the terminals of the machine, and then to inin it 
slowly, gradually increasing the speed until it excites itself. 
(The method is of coui-se inapplicable to many alternate- 
current machines.) The least speed of self-excitation is, 
cceteris parihv^^ a measure of the goodness of the magnetic 
circuit. 

Testing Inaulation-resistance. — The rational mode of 
testing the insulation in the workshop is to apply a high 
voltage — say from 2000 to 4000 volts — and see whether the 
insulation resists being pierced. The electric tension or stress 
to which the dielectric is subjected, tending to pierce it, varies 
as the square of the volts. The most convenient way of 
applying the test is to use a small alternate-current trans- 
former giving the requisite voltage. All dynamos, motors 
and transformers intended for high voltage work should be 
tested at double the volts which they are intended to work 
at. Tests of the insulation-resistance between the coils of 
a dynamo and its metal cores or frame by use of a Wheat 
stone's bridge, made regularly day by day, are only useful as 
far as they serve as a guide to the way in which the machine 
is being cared for ; since damp and dirt lower the insulation, 
and if neglected promote likelihood of a break-down. 

Testing Temperature-rise. — The instructions given by the 
Admiralty for tests of temperature are as follows : — 

At the end of six hours' trial, and one minute after 
stopping the machine, no accessible part of the armature or 
field-magnet must have a temperature of more than 30° Fahx. 
above that of the dynamo room, taken on the side of the 
dynamo remote from the engine, and three feet distant from 
it. Also the maximum temperature of the armature at the 
end of the six hours' trial must not exceed the temperature of 
the dynamo room by more than 70° Fahr." It is usual to 
employ thermometers with narrow cylindrical bulbs which can 
be inserted in the armature, or laid upon it and covered with 
a pad of cotton wool while the test is made. 
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Te%ting Petforma'nce and Efficiency. — The testing of the 
eflBciency and working capacity of a dynamo, whether work- 
ing as generator or as motor, is a more serious matter, and 
involves both electrical and mechanical measurements.' 

In the case of the dynamo generating currents, measure- 
ments must be made (a) of the mechanical input and (V) of 
the electrical output. 

In the case of the motor doing work, measurements must 
be made (a) of the electrical input, and (i) of the mechanical 
output. 

Measurement of Power, — The general methods of measur- 
ing the power mechanically are as follows : 

(a.) Indicator Method. — By taking indicator diagrams from 
the steam-engine which supplies the power. 

(6.) Brake Method. — By absorbing the power delivered by 
the machine, at a friction brake such as that of Prony, Pon- 
celet, Appold, Raffard, or Froude. 

(<?.) Dynamometer Method. — By measuring in a transmis- 
sion dynamometer or ergometer, such as that of Morin, von 
Hefuer-Alteneck, Ayrton and Perry, or of F. J. Smith, the 
actual mechanical power of the shaft or belt. 

(d.) Balance Method. — By balancing the dynamo or motor 
on its own pivots and making it into its own ergometer. 

(«.) Electrical Method. — By making the motor drive the 
dynamo which supplies it, measuring electrically the work 
given out in the one, or absorbed by the other, and then 
measuring, either mechanically or electrically, the difference. 

(/.) Steam Consumption. — In cases where indicators cannot 
be used (as for example in tests of steam turbines), the weight 
of steam consumed per hour, as measured by feed-water 
supplied to the boiler or by the water from the condenser, 
may be taken as a measure of the gross power. 

(a.) Indicator Method. — The operation of taking an indicator 
diagram of the work of a steam-engine is too well known to 
engineers to need more than a passing reference. It measures 
the gross power imparted thermally to the engine, not the nett 
power given by the engine to the dynamo. This method is, how- 
ever, not always applicable, for in many cases the steam-engine 
48 
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has to drive other machinery, and heavy shafting for other ma- 
chinery. In such cases the only remedy is to take two sets of 
indicator diagrams, one when the dynamo is at work, the other 
when the dynamo is thrown out of gear, the difference heing as- 
sumed to represent the horse-power absorbed by the dynamo. 

(6.) Brake Method. — The friction brake of Prony is well known 
to engineers, but the same can hardly be said of the more recent 
forms of friction dynamometers. Various improvements have 
been introduced in detail from time to time by Poncelet, Appold, 
and Deprez. In Prony *s method the work is measured by clamping 
a pair of wooden jaws round a pulley on the shaft ; the torque on 
the jaws being measured directly by hanging weights on a pro- 
jecting arm with a sufficient moment to prevent rotation. If p 
is the weight which at a distance I from the centre balances the 
tendency to turn, then the friction force / multiplied by the 
radius r of the pulley will equal p multiplied by I, 

This may be written. 

Torque =fr=p L 



From which it follows that 



T 



If n be the number of revolutions per second, then 2 ^ n is the 
nimiber of radians per second, or in other words, the angular 
velocity, for which we use the symbol w, and 2 ^ nris the linear 
velocity v at the circumference. Now the work per second, or 
power, is the product of the force at the circumference into the 
velocity at the circumference, or 

iD=fv=^ . 2nnr=2 nnpl. 
r 

If p is measured in pounds' weight, and I in feet, then, remem- 
bering that 650 foot-pounds per second go to one horse-power, we 
have, 

horse-power absorbed = ^_^^ ; 

550 

or, if p is expressed in grammes' weight, and I in centimetres, it 
must be divided by 7*6 X 10* to bring it to horse-power. 

The latter improvements imported into the Prony brake are of 
great importance. Poncelet added a rigid rod at right angles to 
the lever, and attached the weights at the lower end. Appold^ 
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substituted for the wooden jaws a steel strap, giving a more 
equable friction, and therefore having less tendency to vibration. 
Raff ard ^ substituted a belt differing in breadth, and therefore 
offering a variable coefficient of friction, according to the amount 
wrapped round the pulley. Further modifications of this kind 
of brake dynamometer have been made by Professor James 
Thomson, Professor Unwin, M. Carpentier, and by Professors 
Ayrton and Perry. The friction of a turbine wheel was also ap- 
plied as a dynamometer brake by the late W. Froude. Professor 
Alex. B. W. Kennedy has obtained excellent results from the use 
of a rope brake. 

As all these brake dynamometers measure the work by destroy- 
ing it, it will be seen that though they are admirably adapted to 
measure the work furnished by a motor, they cannot, except 
indirectly, be applied to measure the work supplied to a dynamo. 
Some experience in working with these machines is essential if 
reliable results are to be obtained ; but with the more modem 
forms of instruments, such as those of Poncelet and Baffeird, the 
results are very good. The great secret of success is to keep the 
friction surfaces well lubricated with an abundant supply of soap 
and water. 

Probably the most accurate method of measuring power by 
absorbing it is to use as brake a dynamo of high and known effi- 
ciency on a load of lamps, the output being measured by ampere- 
meter and voltmeter. 

(c.) Dynamometer Method, — The Prony brake was sty led above 
a brake dynamometer ; but the true dynamometer for measuring 
transmitted power does not destroy the power which it measures. 
Transmission dynamometers may be divided into two closely al- 
lied categories : those which measure the power transmitted along 
a belt, and those which measure power transmitted by a shaft. 

In the case of transmitting power by a belt, the actual force 
which drives is the difference between the pull in the two p£U*ts 
of the belt. If F' is the pull in the slack part of the belt before 
reaching the driven pulley, and F the pull in the tight part of the 
belt after leaving the driven pulley, then F — F' represents the 

' For farther accounts of these instruments the reader is referred to 
Weisbach's Mechanics of Engineerinrj ; Spons' Dictionary of Engineering , 
Article "Djrnamometer" ; Smith's Work-measuring Machines; a series of 
articles in the Electrician, 1883-4, by Mr. Gisbert Eapp ; Proc. Inst. 
Mech. Eng., 1877, p. 237 (Mr. Froude) ; Rep. Brit. Assoc, 1883 (Prof. 
Unwin) ; Journ. Soc. Telegr.-Eng. and Electr., vol. xii. p. 846 (Profs. 
Ayrton and Perry). See also Official Report of the Electrotechnical Exhi- 
bition of Frankfort, 1891, for the brake tests made on the turbines i^t 
Lauffen, 
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nett puU at the circumference, and (F — F') X r is the torque T. 
Then if n is the numher of revolutions per second the angular 
velocity w will be equal to 2 ^ n. This gives us as the work per 
second, or power, 

As before, if F is expressed in pounds' weight and r in feet, the 
expression must be divided by 550 to bring to horse-power ; or 
must be divided by 7-6 X 10* if the quantities are expressed in 
grammes^ weight and centimetres. 

A dynamometer which can be applied to a driving belt, and 
actually measures the difference F — F' in the tight and slack 
parts of the belt, has been designed by von Hefner Alteneck, and 
is commonly known as Siemens' belt dynamometer.i Other 
fonns have been devised by Sir F. J. Bramwell, W. P. Tatham,a 
W. Froude, T. A. Edison and others. Nearly all of these instru- 
ments introduce additional pulleys into the transmitting system, 
causing additional friction. 

Much more satisfactory are those transmission dynamometers 
which measure the power transmitted by a shaft. In nearly all 
instruments of this class there is a fixed pulley keyed to the shaft, 
and beside it a loose pulley connected with it by some kind of 
spring arrangement, so set that the elongation or bending of the 
spring measures the angular advance of the one pulley relatively 
to the other ; this angular advance is proportional to the trans- 
mitted torque. To this class of instrument belongs the well- 
known dynamometer of Morin, in which the displacement of the 
loose pulley is resisted by a straight bar spring, the centre of 
which is attached to the driving shaft. Modifications of the 
Morin instrument have been devised by E^ton and Anderson, 
Heinrichs,' Ayrton and Perry,* Murray,* and the Rev. F. J. 
Smith, of the Millard Engineering Laboratory, Oxford. Of the 
last named instrument, a full description and cut were given in 
former editions of this book. 

(d.) Balance Method. — With small motors there arises the diffi- 
culty that the ordinary means of measuring the work they perform 
introduce relatively large amounts of extraneous friction. The 
motor to be tested is placed with its armature spindle between 

^ One form of the Siemens dynamometer is described by Hopkinson, 
Proc. Inst, Median, Eng,, 1879. A more modem form is described by 
Schroter, Bayerlschea Industrie-und Gewerbeblattj 1883. 

* Joum. Franklin Institute^ Nov. 1886. 

' See Engineering, Hay 2, 1884, and Electrical Review, April 26, 1884. 

* Joum. Soc. Telegr.'Eng. andElettr., xlL 163, 1883. * Ibid., xviii. 1889. 
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centres, or on friction wheels, and the weight of the field-magnets 
and frame is very carefully balanced with counterpoise weights. 
In Fig. 515, B D represents the field-magnets and frame of the 
motor duly counterpoised, and E is the armature. When the 
current is turned on, the armature tends to rotate in one direction 
and the field-magnets in the other ; the angular reaction being of 
course equal to the angular action. If the reaction which tends 
to drive the field-magnets round be balanced by applying a force 
P (for example that of a spring balance) at the point C of the 
frame A B C D, then the moment of this force, P d, measures the 
torque, exactly as in the Prony brake. Hence it will be seen that 
the motor has become its own dynamometer, the magnetic friction 
between the armature and the field-magnet being substituted for 
the' mechanical friction between the pulley and the jaws. A 



Fig. 616.— Rev. F. J. Smtth's Method of Testing Motobs. 

modification of the balance method, due to Herman Mtiller, con- 
sists in swinging the dynamo in a cradle, pendulum fashion, from 
the driving shaft, and estimating the power absorbed by the dis- 
placement from the vertical line. 

M. Marcel Deprez and Professor C. F. Brackett have proposed 
to apply the balance method to dynamos in action. Professor 
Brackett pleu^es the dynamo in a sort of cradle, balanced on centres 
that lie in the axis of rotation, and measures the torque between 
the armature and field-magnets, and multiplying this by the 
angular velocity 2 ^r n, obtains the value of the power transmitted 
to the armature. 

All these several dynamometric methods necessitate the use of 
a speed-indicator to count the number of revolutions n, which 
enters as a factor into the calculation of horse-power. The 
number of revolutions per second n being known, the angular 
velocity <.»—?«• n oai* be calculated. This only requires to be 
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multiplied by the torque T — F r give the i)ower or work-per- 
second u?. And if T is expressed in pound-feet, then, 

hoFBe-power - __ —. 

(g.) Mectrical Methods, — There are several varieties of this 
modem method of testing, and they involve the use of two 
or in some cases three machines. Two machines, one to act 
as generator, the other as motor, are connected together both 
electrically and mechanically, so that the power is circulated 
between the two machines, passing from generator to motor 
electrically, and returned from motor to generator mechani- 
cally. The power given out by the generator machine, and 
that absorbed by the motor, are measured electrically. In 
the original plan of Dr. J. and E. Hopkinson,^ the small 
additional power required to drive the genei-ator was supplied 
by a steam-engine and measured mechanically by a dynamo- 
meter. By thus circulating the power it is possible to test a 
pair of machines at say 500 horse-power each, using only a 50 
horse-power steam-engine. Modifications of this method for 
the purpose of obviating all mechanical measurements have 
been suggested by Lord Rayleigh,* Major Cardew,^ whose 
method dates from 1882, M. Menges,^ Mr. Ravenshaw^ and 
Mr. Swinburne. 

All these methods are far more accurate than the rough 
mechanical methods of earlier date, and each has its ad- 
vantages, but Hopkinson's method requires two similar 
machines, and Cardew's requires three machines, one of which 
must be powerful enough to run the other two. In Swinburne's 
method the loss of power due to resistance of conductors is 
calculated, and this deducted from the whole loss of power in 
the machine gives the " stray power " made up of losses due 

1 Phil. Trans., 1886, ii. 847. See also ElecMcian, xvi. 847, 1886 ; and 
Mectrical Beview, zviii. 207 and 230, 1886. 
> MectHcal Review, xviii. 242, 1886. 

• Ibid., xix. 464, 1886 ; and Electrician, xvli. 410, 1886; and xxl. 276, 1887. 

• Electrician, xvi. 371, 1886. 

B Electrical Review, xix. 424 and 437, 1886. 

• IHd xxi., 181 and 215, 1887. 
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to eddy-currents, friction and magnetic hysteresis, which are 
thus measured together. This stray power is determined by 
using the machine as a motor, the field-magnets being sepa- 
rately excited so that the armature has the same magnetic 
induction as at full load, the electromotive-force applied to it 
being such as to drive it at its normal speed. Only a small 
genierating dynamo is required to furnish the current for this. 
When matters are so arranged that the machine to be tested 
runs at its normal speed, the power used in driving the 
machines (which is measured electrically by taking readings 
of the volte on the armature and the amperes flowing through 
it, and multiplying up) is equal to the stray power at full load. 

An example may be useful. Suppose we have to test a large 50 kilowatt 
shunt-wound dynamo, giving 500 amperes at 100 volts at 720 revolutions per 
minute, and that to. = 0*006 ohm, and r« = 12 ohms, the lost amperes will be 
100 -7- 12 = 8*6, total current say 508 amperes; hence lost volts 508 X 0*006 
s= 8 volts ; whence E = 103 volts. Watts lost in armature = 508 X 508 X 0*006 
= 1648 , Watts lost in shunt coil = 100 X 100 -^ 12 = 833. Now arrange any 
small dynamo, of say 2 H.P., to give out current at 103 volts; and from this 
run the large dynamo that is to be tested, as a motor, with no other load than 
its own friction, hysteresis and eddy-currents. It vrill ran under 720 revolu- 
tions, since with such small current its armature produces no demagnetizing 
action to quicken It up. Therefore add some resistance to its shunt till it 
comes up to speed. Then measure the current it is taking; this multiplied 
by E gives the stray power. Suppose it takes 9 amperes, then the stray 
power is 103 X 9 = 927 watts. We may at once reckon out the efficiencies. 
The losses now known are 1548 + 833 + 927 = 3308. Add this to the 50,000 
watts of nett output, and we get the gross output 53,308. Hence we have 
the foUowing : — 

Gross efficiency = 5?p? = 98*3 per cent. 

53308 

Electrical efficiency = 522^ = 95*5 " 

^ 52381 

Nett efficiency = §22^ = 93*8 " 

53308 

Mr. Kapp ^ has devised a method of testing which permits 
the commercial or nettefiSciency to be determined electrically 
with far higher accuracy than is possible with any mechanical 
dynamometer. It requires two machines of nearly equal power, 
one G to run as generator, the other M as motor, together with 
a small auxiliary machine X of normal voltage, to which the 

> See M^ctrical ^higineer, Jan. 22, 1892, and MectHcian^ July 5, 1895, 319. 
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other two are coupled in parallel, Fig. 616. The annatures of 
G and M must also be coupled togetlier mechanically, and the 
field of M must be weakened by use of a rheostat, so that it 
may run as a motor. X gives the current necessary for excit- 
ing and for making up the difference between the currents in 
G and M. Insert an amperemeter from one brush of G to one 
of M to measure the current. Take a reading of the G 
current when the auxiliary current is led in on the right, and 
another reading of the M current when the auxiliary current 
is led to the left. As the volte are the same in each case, 
the ratio of the two currents is the efficiency of the combina- 
tion of the two machines ; and the square root of the ratio of 
the two readings is the efficiency of either machine. 




Fia. 616.— Kapp's Method op Testing Eppicienoy. 



TeBtiTig Separate Losses, — In the preceding paragraph no 
distinction was made between the three sources of loss which 
go to make up the stray power, namely, friction, eddy-currents 
and hysteresis. It was indeed possible to separate the eddy- 
current loss from the others by making experimente at 
different speeds,^ because the eddy-current loss increases pro- 
portionately to the square of the speed, whilst the other losses 
are approximately proportional simply to the speed. The 
power thus wasted was given to the armature by a motor 
and measured electrically. In 1891, a method of separating 
these losses was independently published by Kapp^ and 

^ Joum. Inst, Mectrical Engineers, xviiL 620, 1889. 
9 Th9 Mectrician. zxvi, 699, 1891« 
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by Housman.^ From the latter's paper is taken Fig. 617, 
which shows the method adopted by both these engineera. 
The method is as follows : — Let the field-magnet be separately 
excited to a constant value. Then measure the currents 
required to run the armature as a motor with no load at 
different speeds, by using different volts. The results when 
plotted out as a curve give a straight line A B, Fig. 617, cut- 
ing the axis of current above the origin. A horizontal line 
A D, through A, divides the ordinates, such as C B, into two 
parts; one C D, which represents the losses that are proper- 
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Fig. 517.— Separation of Losses m Dynamo. 



tional to speed ; and another D B which represents those that 
are proportional to the square of the speed. To separate fric- 
tion of bearings and brushes, the armature should be coupled 
direct to another similar machine, the latter running without 
excitation of magnets, when the increase of current needed to 
drive will give a measure of frictional loss, and from this the 
lines E F and G H may be plotted out. If a second set of 
observations are made with a field of different strength, a 
second line A' B' will be obtained, which will be above or 

^ Ibid. J xxtL 700, 1891; also Jownu Inat. Electrieal Ungineera^ zz. 208, 
180L 
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below A B, according to whether the change of field has in- 
creased or diminished the total losses. The minimum total 
loss usually occurs with an excitation that makes the flux- 
density B iii the armature about 15,000 or 16,000 ; for when 
the excitation is pushed further, not only does hysteresis 
become much greater, but the eddy-currents in shaft and pulley 
due to the leakage of magnetic lines are greater. If the line 
A B curves upwards at the higher values, it shows that the 
eddy-currents in the armature are producing perceptible 
demagnetization. % 

Testinff of Combined Plant — It is usual to specify for com- 
bined plant that the efficiency of the combined engine and 
dynamo taken together, on a run of several hours at full load, 
shall reach some prescribed figure; and that the steam 
consumption per kilowatt-hour of output shall also not 
exceed a given limit. The requirements of British consult- 
ing engineers have been for many years exacting, with the 
result that manufacturers and contractors ^ have attained to 
exceedingly high efficiencies. 

As an example of tests of a continuous-current combined 
plant we may take those made by Professor A. B. W. 
Kennedy in May 1893, at Thames Ditton, of a 123 kilowatt 
shiint-wound dynamo by Holmes & Co., direct driven from a 
two-crank compound Willans engine (condensing) at 336 revo- 
lutions per minute. During a six hours' run with a load of 
1010 amperes at 120 volts (or 121-5 kilowatts, or 162-8 horse- 
power electrical output), steam was being used at 3314 lbs. 
per hour, or 27-3 lbs. per kilowatt hour, or 20-3 lbs. per horse- 
power hour, of the nett electrical output. The internal horse- 
power during same time, as measured with indicators, was 
190-2, giving an efficiency of 85-6 per cent. The steam used 
per horse-power indicated was 17-4 lbs. The rise of tempera- 
ture at the end of the run was found to be 40® 0. above that of 
the surrounding air. Tests were made also at ^, I and | load, 
also when the dynamo was run on open circuit, excited and 
unexcited, and when the engine was run alone uncoupled. 

^ See a remarkable paper by Mr. R, |G, Crompton, Proc^ Inat, CMf 
Engineered vol. cvL 139^, 
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The results are plotted out in the accompan3ring diagram, Fig. 
518. When worked out in detail it appears from these tests 
that the efficiency of the engine by itself is 89*5 per cent. ; 
that of the dynamo by itself 95-6 per cent. 

The elaborate tests of Pai'sons' steam turbine (p. 625), 
made by Professor Ewing in 1892 showed a steam consump- 
tion of 27 to 28 lbs. per kilowatt hour at full load, and of 80 
to 32 lbs. per kilowatt hour at half load ; still higher results 
being claimed for the recent steam turbines of larger size. 



Hrfwy. 
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Fia. 518.— Tbst of HoLMES-WnjjANS Combined Plant (Kennedy). 



An elaborate arrangement of speed-cones for dynamo-testing, designed 
by Prof. Ayrton, is described in Indiistries, June 23, 1888. For detailed 
aocoimts of tests on dynamos the reader is referred to the foUowing 
sources :—E^[)ort of Committee of Franklin Institution, 1878 ; Cfflcial 
Itepori of Munich Electric Exhibition, 1883 ; also Prof. W. G. Adams* 
Inaugural Address, Journal of Society of TelegraphrEngineers and 
Electricians, xiv. 4, 1886; also Reports of Electrical Exhibition at 
Philadelphia, 1884, published in Journal of the Franldin Institu- 
tion, 1886 ; tests 6t arc-lighting dynamos at Melbourne Exhibition, by 
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K. L. Murray, JoamaX Institution Electrical Engineers, zviii., 1889; testa 
of dynamos (Desroziers, Edison, Gramme, &c,) at Paris Exhibition of 
1889, by A. Minet, La Lumi^e ^Hectrique, xxzv. 1889 ; tests on Stanley 
Arc Alternator by Duncan and Hassen, Electrician, zxvi, Jan. 1891 ; 
tests of a Qoolden dynamo and Willans engine, separating the losses, t5. 
xxvl. p. 86. 1890 ; tests of a Wenstrdm dynamo, separating the losses, by 
Duncan, Electrical Heview, xxvi. 116, Jan. 1890 ; papers on Causes of 
Losses, by Hummel« in Elektrotechnische Zeitschrift, viii. 1887, and xii. 
1891. At the Frankfort Exhibition of 1891 , very careful tests were made 
of numerous machines under very favorable conditions. These are 
detailed in the second volume of the Qfflcial Bqport, published at 
Frankfort in 1898, 
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CHAPTER XXXL 

MANAQEMBNT OF DYHAMOB. 

This chapter is devoted to three topics : — (1) The coupliiig of 
two or more dynamos. (2) General instructions in use of dyna- 
mos. (3) The diseases of dynamos. 

On (Toupung Two or Mors Dtkamos in Ome Cmouir. 

It is sometimes needful to couple two or more dynamos together 
so that they may supply to a circuit a larger quantity of electrio 
energy them either could do singly. Thus it may occur that two 
dynamos, neither of which can safely carry a greater current 
than 1000 amperes, are required to supply jointly a 2000-ampere 
current : or two machines, each of which can run at 60 volts, 
are required to furnish an electromotive-force of 120 volts. Sim- 
ple as these cases may seem, it is not so easy to carry them out, 
because it depends upon the construction of the machine, and 
especially upon the mode of excitation of the field magnets, 
whether they can be coupled together without interfering with 
each other^s running. For it may, and does, occur that if not 
rightly arranged, one machine will absorb energy from the other 
and be driven as a motor instead of adding anything to the 
energy of the circuit. 

Coupling ContinuouS'Current Machines in Series. — Series- 
wound dynamos may be united in series with one another for the 
purpose of doubling the electromotive-force. Thus two Brush 
machines, each working at 10 amperes, and each capable of 
working 6 arc-lamps, may be joined in one circuit with 12 aro- 
lamps in series. The only needful precaution is to see that 
the + terminal of one machine is joined to the — terminal of 
the other, precisely as with cells of the battery. Shunt- 
wound dynamos may also be coupled in series, though the 
arrangement is not good unless the two shunt coils are also put 
in series with one another, so as to form one long shunt across 
the circuit. Oompound- wound dynamos may be connected in 
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series with one another, provided the shunt parts of the two sure 
connected as a single shunt, which may extend simply across the 
two armatures (douhle short-shunt), or may he a shunt to the 
external circuit (double long-shunt), or may be a mixture of long 
and short shunt. The same considerations apply to more than 
two machines. The coupling of alternate-current dynamos is 
considered in Chapter XXIV. 

Coupling Dynamos in Parallel. — Dynamos, to run well in par- 
allel without any special coupling devices, should have a falling 
characteristic (see p. 212), for if the characteristic rises, then the 
machine yielding the greatest share of the current will have its 
electromotive-force increased thereby and will yield more and 
more current until it takes aU the load and drives the other 
machines as motors. If, on the other hand, the electromotive- 
force falls with an increase of current the load is automatically 
divided between the machines. It is, of course, possible for 
a machine to have a rising characteristic when run at a perfectly 
constant speed, and yet through the slowing of the engines with 
increased load the characteristic of the combined plant may be a 
falling one. In such a case, where each dynamo is driven by a 
separate engine parallel working would be possible.^ 

Simple shimt machines always have a falling characteristic and 
therefore there is no great difficulty in running them in parallel, 
as indeed is done on a large scale every day in central lighting 
stations. The chief precaution to be taken is that, whenever an 
additional dynamo has to be switched into circuit, its field must be 
turned on, and it must be run at full speed before its armature is 
switched into connection with the mains, otherwise the current 
from the mains will flow back through it and overpower the 
driving force.* 

Two series dynamos cannot be coupled in parallel in a circuit 
without a slight rearrangement, otherwise they interfere. For, 
suppose one of them to fall a little in speed, so that the electro- 
motive-force of one machine is higher than that of the other 
machine with which it is in parallel, the machine having the 
higher electromotive-force will then drive a current in the wrong 
direction through the other machine, reversing the polarity of its 

1 Sayers, Joum, InsU Elec, Enga., xxiv. 187, 1896. 

*See Burstyn, in the ZeiUchrift fur angewandte Elecktricitatalehre, 
1881, p. 339, also Schellen (2d edition), p. 717 ; Ledeboer, in La Lumih-e 
Mectriquej xxvi. 210, 1887 ; Meylan, in La LumCere ^lectrique, xxvi. 379, 
1887 ; and Peussner, in Zeitachrift fur Elektrotecknik, 1887, 108 ; also 
Prof. Puffer in Technology Quarterly^ v. 380, 1893. See also the special 
mode devised by S. S. Wheeler, U. S. Patent, No. 836,048 of 1886. 
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field-magnets and driving it as a motor. To obviate this, 
Gramme made the suggestion that the machines should be 
coupled in parallel at the brushes as well as at the terminals. 
This is shown in Fig. 619. The terminals Ti Ti of one machine 
are respectively joined to Ti Ta of the second machine, and a 
third wire joins Bi with B,. Triple- 
pole switches are convenient. If ^^^ 

both machines are doing precisely f^^l^^^^^^^^^J^^ 
equal work, there will be no current I >*-/^f 
through the wire Bi Bj. If either 
machine falls behind, part of the cur- 
rent from the other machine will 
flow through Bi B^ and help to main- 
tain the excitement of the magnets 
of the weaker machine. This effect- 
ually prevents reversals. Another ^:Lf ^ o"^"^"* ""' 
xJ / if 1- X Two Skriks Dynamos 

method of couplmg two series ma- ^ Paraiuel. 

chines is to cause each to excite the 
other's field magnetism. This equal- 
izes the work between the two machines. 

Coupling of Compound Dynamos in Parallel. — ^In working 
compound dynamo machines in parallel circuit, some difiSculty 
has been found, on account of their tendency to behave in the 
same manner as series-wound machines. Mr. Mordey first 
pointed out that the difficulty might be overcome by connecting 
the parallel machines in such a way that not only are the shunt 
portions of the field magnets in parallel circuit, but the series 
circuits of the field magnets are also a shunt on one another ; in 
other words, by connecting the brushes, as well as the terminals, 
in parallel circuit, precisely as Gramme has done for series- 
wound machines. 

In Fig. 520, Ai A^i are the armatures of two compound dyna- 
mos, Ti Ti and Tg Tg are the terminals ; the wire Bi B, acting in 
conjunction with the lead Tj Tg on the left, puts the armatures in 
parallel. The dynamos should each be furnished with a switch 
8 in the shunt circuit ; they should each also have a switch m in 
their main circuit between the armature part and the point 
where the shunt circuit joins on, so that the armature part may 
be interrupted without interrupting the shunt circuit. The con- 
necting wire from brush to brush, which should be at least as 
thick as the mains, should also be furnished with a switch z. 
suppose dynamo No. 1 is at work alone, its two switches 8 mi, 
will be closed. If, now, dynamo .No. 2 is to be thrown in, the 
following order must be observed. First get up the speed of 
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No. 2 to itB full value, then close b%, then z ; this will fully excite 
its magnetism ; lastly, close m«. When No. 2 has to be thrown 
out of circuit the order must be exactly reversed : first open 
m^ ; then z ; then 9% ; lastly, slow down the machine. A special 
combination-switch, which will perform these successive opera* 
tions in their proper order, is desirable. 

When compound dynamos are connected in this way,^ they 
work quite satisfactorily, and exercise a considerable power of 
mutual adjustment ; for any increase in the current from one 
machine is divided equally among the series coils and dot^ not 
raise the electromotive-force of one machine more than another. 




<}) <{) LAMPS (p y <}) ^ 



Fia. 520.— CouPLma of Two Compound Dynamos in Parallel. 

Not only does this control exist with similar compound dyna- 
mos, but it may be relied on when the dynamos are unlike in 
size, power and speed. For instctnce, large and powerful ma- 
chines may be worked in parallel circuit with smaller machines 
of various powers, and each will do its proper share of the work. 
The resistance of the series coil of each machine must, in this 
case, be adjusted so that the division of the current among the 
coOs is in proportion to the powers of the machines. If the 
switch z is permanently kept closed the effect is to make the 
excitation of the field of all the machines depend upon the total 

* The method proposed by M. Ledeboer in La Luini^e tlectrique^ xxvi 
210, 1887, is practically identical with the above. 
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6utput of the station, and thus it is possible to compensate for a 
drop in volts which takes place in the mains. 

The usual practice in English central stations, supplying con- 
tinuous current is to employ simple shunt dynamos regulated by 
hand. 

The parallel running of alternate-current dynamos is consid- 
ered in Chapter XXIV. 

General Instructions in Use of Dynamos. 

Position of Dynamo,— ^The place chosen should be dry, free 
from dust and preferably where a cool current of air can be had. 
It should allow sufficient room for a belt of proper length, unless 
the dynamo is direct-driven. 

Foundations, — It is most important to secure good foundations 
for every dynamo ; and if the dynamo is direct-driven, but is 
not on the same bed-plate as the engine, a foundation large 
enough for both together should be laid down. Stone or concrete 
may be used, or brick built with cement, having a large thick 
stone bedded at the top. For small dynamos the holding-down 
bolts may be set with lead or sulphur in holes in the stone top ; 
but for large dynamos the bolts should be long enough to pass 
right down to the bottom, where they should be secured into iron 
plates built in. If long holes are left in the foundations for the 
holding-down bolts, they should be ffiled in with thin cement 
after the latter have been put in place. 

Sliding Bails, — All belt-driven dynamos ought to be provided 
with tightening gear to take up the slack. If the dynamo is not 
provided with sliding rails under its bed-plate, and tightening 
screws, the less desirable method of employing a tenting pulley, 
as in Plate IX., may be used. In any case the bed for the 
dynamo must be quite level, and its shaft set properly parallel 
with the driving pulley. 

Setting up, — Before setting up any dynamo or motor which has 
been long unused, or has been exposed to changes of climate, 
it should be kept for a few days in a warm and dry place. For 
the insulation materials are liable to absorb damp that can only 
be slowly dried out. Nothing is more likely to cause a break- 
down than to attempt to run a machine that is not thoroughly 
dry. ^ 

Before Starting. — Examine the dynamo before it is set running 
ior the first time. Bemove caps of bearings and clean them and 
the journals. Beplace them, but do not screw up too tightly. 
See that lubricators are filled, and the drip properly adjusted. 
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Where the bearings are self-oiling see that the oiling ring works 
properly. Use copper oil-cans. Turn the armature round by 
hand to see that nothing catches and no loose wires or waste are 
adhering to it. Clean up the conunutator with the finest glass- 
paper, and note carefully that no dirt or copper-dust is lodged 
between the bars of the commutator. A stiff dry hog-brush will 
be useful here. See that the brush-holders work rightly, and 
the hold-off catches, if any, are in order. See that each brush is 
properly trimmed (i. e. filed off at the proper bevel at the ends. 
Some makers provide a special tool to guide the file at the proper 
angle). Adjust the brushes, first, by clamping them very firmly 
in their holders, so that they protrude to the proper length. 
For this purpose many makers provide a holder with a pointer, 
as at P on Plate III.) Adjust them, secondly, so that they bear 
with a moderate but firm pressure on the commutator. See, 
thirdly, that when so pressing, they bear in the right positions. 
For 2-pole dynamos the brushes should bear on precisely oppo- 
site bars of the commutator. For 4-pole dynamos they bear on 
bars that are a quarter of the circumference apart. (It is cus- 
tomary for makers to mark two of the commutator bars with a 
centre-punch so that this adjustment may be verified.) If there 
are €wo or more positive brushes abreast, try to arrange them so 
that the gaps between them are opx>osite the negative brushes so 
that the commutator will wear evenly. (It is well to shift the 
position of the brushes longitudinally from time to time.) Then, 
having verified these adjustments, remove all spanners and 
loose pieces of iron from the vicinity of the field -magnets. If 
there is any fear of the dynamo being started in the wrong direc- 
tion, it is well that the brushes should be only lowered after 
starting. The current should always be turned off before the 
brushes are raised, otherwise a destructive spark will spoil the 
commutator. 

It is necessary that carbon brushes should be very carefully 
fitted to the curvature of the commutator. One way of doing 
this is to paste round the commutator a strip of fine glass-paper 
and run the dynamo with the brushes in their normal position, 
until the ends are worn down to the right shape. Carbon brushes 
upon the whole give less trouble than copper brushes, as they 
do not wear the commutator so much nor do they spark so 
readily. A carbon brush should be free from the slightest suspi- 
cion of a crack or flaw, and a '* glass-hard " comer should not 
be allowed to come in contact with the commutator. 

The brushes being adjusted and lubricators filled, see that the 
connections are right, and the terminals tightly screwed down. 
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Bring the machine up to speed slowly, keeping a sharp look-out 
for anything that may be wrong, and be ready to slow down at 
any instant. Do not raise a brush without having turned off the 
current unless there are two or more brushes side by side. If the 
machine is shunt- wound it will at once excite itself, though the 
main switch is still open. If the dynamo is for supplying glow- 
lamps, do not on any account turn on the main switch until you 
see whether the mcichine is giving the right volts, or you may 
ruin all your lamps. For if the speed is too high, the volts may 
be too high. A pilot lamp or a voltmeter will tell you if all is 
right. Then, before you turn on the main switch, observe the 
brushes to see if there is any sparking. If there is any sign of 
sparks, rock the brushes forward or backward till a sparkless 
place is found. Not until then should the main switch be turned 
and the lamps lit. 

Daily Attention, — It is of the utmost importance to keep a 
dynamo scrupulously clean. A cotton rag should be used in 
preference to tuaste, as the latter leaves loose ends sticking to 
parts where it is objectionable. An air-blast is used by the 
Westinghouse Co. for getting rid of dust. Besides daily lubrica- 
tion, attention must be given to the brushes to see if they require 
to be fed forward or trimmed. The commutator should not be 
oiled, but only wiped with a clean oily rag or a piece of cotton 
cloth {not waste) smeared with vaseline. (This reservation does 
not apply to arc-light dynamos with special commutators with 
wide air-gaps, which may be oiled freely.) Do not let the oil 
creep on parts that do not require it. Oil is apt to spoil the in- 
sulating materials by rotting the varnish, and affording a lodg- 
ment for dirt and for the fine copi)er dust that flies from the 
brushes. Also, if oil gets to the commutator it will char under 
the brushes, forming a carbonaceous film between the commu- 
tator bars, inviting a short-circuit. This fault is less likely to 
occur when mica-insulation is used than when asbestos or paper 
is employed. It has been observed that the brushes wear and heat 
unequally : the positive brush wearing faster than the negative. 
But this is unimportsmt. If there is solder on the brushes, 
care should be taken that the soldered part should never be used 
for contact on the commutator ; it will set up flashing sparks. 

If the dynamo is driven from heavy shafting, so that there is 
no risk of turning backwards at starting or stopping, then the 
brushes may always be left down on the c6mmutator. Many 
dynamos will spark at full load unless the brushes are rocked 
forward beyond the point that gave sparkless running on open 
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circuit. Sparkless running is a vital matter if the commutator 
tfi to last long. The attendant cannot be too strongly impressed 
with the necessity of proper care on this matter. A well-designed 
modem dynamo, if properly attended to, will soon fiUM][uire a 
beautiful dark-polished surface on its commutator. But the 
commutator, even of a good machine, may be ruined in a few 
hours by careless or ignorant handling. If the brushes press too 
heavily it will become scored or ploughed up. If they press too 
lightly, or if there is vibration that causes them to jiunp, or if 
they are allowed to si>ark, the conumutator will be worn away in 
patches at the edges of some of the bars, and lose its cylindricity 
of outline. The only remedy in this case is to carefully turn it 
or file it down true ; this should occur very rarely. 

In central stations, and in all cases where reliability of supply 
is imperative, the insulation should be tested throughout the 
machine every day. If the insulation resistance of any part has 
seriously fallen (even though it may still seem suflftciently great) 
the machine should not be started until the cause has been 
ascertained and removed. A daily insulation test gives very 
good indication of the dryness and cleanliness of the machine. 

Diseases of Dynamos.^ 

At least four-fifths of the mishaps and break-downs that occur 
with dynamos arise from causes more strictly within the prov- 
ince of the engineer than in that of the electrician. On the other 
hand, many of the mechanical faults that develop themselves in 
the machine might have been avoided had the engineer been pos- 
sessed of a better knowledge of the electric and magnetic condi- 
tions which obtain in the running of the machine. It is not often 
nowadays that armatures fiy to pieces. That disaster has sel- 
dom occurred since good engineers took in hand the construction 
of dynamos. The points which it is difficult for the ordinary 
engineer to grasp are the mechanical stresses on the copper con- 
ductors due to the magnetic field, and the necessity throughout 
of preserving proper insulation. All insulation being mechan- 
ically bad, he is apt, in attempting to give mechanical strength, 
to use the insulating materials in some way that vitiates their 

^ See paper by the author in Electrician, xx. 82, 1887 ; see also articles in 
Electrotechnische Zeitschrift, xi. 186, 1890 ; Electrical Worlds xiv. 99, 
184, and xviii. 383, 1891 ; Crocker and Wiieeler, Practical Management of 
DynamoH and Motors (Van Nostrand, New York) ; Lummis-Paterson, 
Management of Dynamos (Crosby Lockwood and Son, London) ; Parkhimti 
'* Diseases of Dynamos," Trans. Amer. Inst. Elec Eng.^ 1894. 
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adequacy. For want of full electrical information he may apply 
the insulation in an erroneous manner and produce a dynamo 
which will break down under the severe conditions of actual 
work. 

Buming-oui of Armatures. — Single coils of an armature some- 
times get heated to redness and burn the insulation. Sometimes 
a whole armature will become overheated, producing a g^ieral 
charring. The latter case happens more often to the armatures of 
motors than to those of dynamos. For if any excessive current is 
drawn by accident from a dynamo, the torque on the armature 
will generally become so great as to throw off the belt or pull up 
the engine. Whereas, with a motor, if the armature is janmied 
so that it cannot turn, an enormous current will continue to flow 
through it if the supply be not cut off. 

Short'Circuita in Armatures, — A short-circuit in the armature is 
usually first brought to notice by the smell of burning varnish. 
The machine should be shut down at once, and the armature felt 
all over with the hand. The short-circuited windings can generally 
be detected by their high temperature, even if the varnish is not 
visibly frizzled. If the greater peuii of the armature is short-cir- 
cuited the fault is not so easily located by the rise in temperature. 
If an independent source of current is available a very good plan 
is to pass a strong current between two opposite bars of the com- 
mutator, and compare the drop in potential between the different 
pairs of bars. An intelligent application of Ohm's law will generally 
lead to the discovery of the fault or faults. For instance, we know 
that if the armature is perfectly sound the fall in potential on each 
side of the leading-in point will be the same, so that a galvanometer 
whose terminals are attached to commutator bars at equal distances 
on each side of the leading-in point will show little or no deflection. 
As one passes from bar to bar the occurrence of a great deflection 
will immediately point to a want of symmetry at that point. 
The cases that might arise are so numerous that it would be 
useless to attempt an exposition of all of them. The experi- 
menter must trust to his previous electrical training and the ap- 
plication of common sense. Where there are faults to the iron- 
work of the armature a current may be passed from one of the 
commutator bars to the ironwork, and a similar investigation 
made of the drop in potential between different bars. Another 
method is to connect all the bars of the commutator together by 
winding wire round it and then passing a current from this wire 
to the ironwork. The armature will become magnetized, the 
poles being in the vicinity of the faults. 



774 Dynamo-Electric Machinery. 

A short-circuit between an im})erfectly insulated wire and the 
iron core beneath it is a fruitful source of trouble. Not that any 
OTie such contact can of itself produce any effect : but that if there 
is one such contact, then, if a fault occurs anywhere in the lamp 
circuit, there will at once be developed a serious leak through 
earth. Also the risk of shock to persons casually touching any 
part of the circuit is greater if there is any single fault in the 
dynamo. Some firms — chiefly American* — prescribe that the 
dynamo-frame itself should be insulated from the ground. The 
author^s experience leads him to prescribe that the framework of 
the dynamo should, on the contrary, be carefully connected to 
earth. If this is done, the risk of accident to attendants — which 
is considerable in the case of high-voltage machines insulated 
from their bed — is reduced to a minimum. A contact between 
an armature conductor and the iron coi'e may occur because of 
the iron laminse becoming loose and wearing through the layers 
of insulation. If the insulation is not waterproof and has got 
wet, it may break down when the machine is run. Sometimes 
armatures are destroyed by the burning of the insulation, by the 
overheating, not of the conductors, but of the iron core. In such 
cases the core has not been properly laminated. The burning of 
binding wires, which occasionally occurs, is due to want of com- 
pliance with the sufficient and necessary electrical conditions. 

Being pieces of running machinery, dynamos are liable, as all 
engines are, to heating of bearings, if proper attention is not paid 
to lubrication and to the avoidance of needless dirt. 

Fnusture of Connections. — This most annoying fault — the 
fracture of the connecting pieces which lead down from the 
armature conductors to the bars of the commutator — ^appears to 
be partly mechanical and partly electrical. These connecting 
pieces pass through a partial magnetic field, and they carry at 
times strong currents, which are reversed twice in e€W3h revo- 
lution. Hence they are each racked by lateral forces as they 
rotate, and this incessantly repeated breaks them off at last. The 
cure is either to make them mechanically very strong, or of 
stranded material, or to arrange that they shall lie outside the 
waste field. 

Disconnections in Armature. — Sometimes a disconnection oc- 
curs where the armature conductors or windings are coupled up 
or connected down to the commutator. The evidence of this is (i.) a 

' The lightning-arresters used on many dynamos in the States are them- 
selves a source of mishaps. If the dynamo-frame is properly earthed there 
is no need of a lightning-arrester on the dynamo. Efficient lightning- 
arresters should be fixed outside the dynamo-house where the overhead 
circuit enters it. 
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sparking that cannot be stopped by rocking the brushes forward 
or backward, and (ii.) one or more of the bars of the commutator 
appearing as if burned at the edge. One way ^ of finding the 
location of such a fault is to run the dynamo very slowly on short- 
circuit. Then after a few minutes^ run stop the machine and see 
if any of the joints of the connectors are hot ; this will indicate 
a partial disconnection. If any entire coil is found to be hot, that 
is evidence not of a disconnection, but of a short-circuit. Any 
disconnected coil in an armature is very easily found by the fall 
in potential method 'mentioned above. If the fault cannot be 
remedied at once, and it is necessary to run the machine, the bar 
belonging to the faulty coil may be connected to the succeeding 
bar by a blob of solder to stop the excessive sparking and preserve 
the continuity of the armature. 

Flats in the Commutator, — Occasionally one of the commutator 
segments will become burned away or worn down to a lower 
level than the rest, or two adjacent bars may be similarly affected, 
causing a flat part on the cylindrical surface. Various suggestions 
have been offered to explain the origin of flats. If one of the 
bars was of unusually soft copper it might wear away faster ; but 
the occurrence is unlikely. A partial disconnection in the ar- 
mature at the part connected to the particular bar of the com- 
mutator will give rise to a spark here at every half -revolution, 
so biting away this bar. Flats have been noticed also to spread 
along the bar from a flaw at one spot. 

Another undoubted cause of flats is a mechanically weak or 
defective means of driving. If an armature, attached by a three- 
legged spider, is mounted on a weak shaft that bends, it is pos- 
sible that periodic vibrations may occur which will cause the 
brushes to jump and set up sparks at deflnite points around the 
commutator. With well-constructed armatures, well-balctnced 
and running without vibration, there is little fear of flats if the 
pressure of the brushes is sufficient. Whenever a bar of the 
commutator shows signs of burning along its edge, steps should 
at once be taken to prevent the development of a flat. A flne 
flle should be applied to smooth the surface of the commutator 
in the neighborhood of the threatened spot. Or, if need be, the 

^ Another way, applicable only to dram armatures, is due to Loomis 
{Electrical Engineer, New York, December 1891), and consists in holding 
the armature by hand and slowly turning it roimd against the torque while 
supplied with a current from some external source. If a position is found 
where it is easier to turn, it Is clear that in this position the disconnection 
stops part of the current, so that the fault can at once be found by tracing 
the connectors wliich run from those bars of the commutator which are i^t 
the brushes in this position. 
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commutator should be very slightly turned down. A narrow 
tool should be used for this purpose, so as not to drag the copper, 
and the surface should be polished with very fine glass pax>er and 
examined to see that * at no spot has the thin strip of nuca been 
bridged over by a burr at the edge of any of the bars. 

Faults in Fidld-magnet Coils, — Sometimes faults occur in field- 
magnet coils. These may be of two kinds — disconnections op 
short-circuits. When there is a disconnection the machine will 
probably refuse to excite itself. To make sure, the suspected 
coil should be disconnected at the ends and tested. A cell of 
Leclanch^ battery and a simple detector galvanometer, or, failing 
this, a common electric bell, will suffice to prove whether the wire is 
continuous. If the frames on which the coils are wound are loose, 
the resulting vibration may cause the leading-out ends of the 
wires to snap, perhaps at some point below the surface which can 
only be reached by unwinding the coil. A short-circuit between 
any two of the windings will have the effect of keeping the short- 
circuited part cool whilst the rest of the coils are hot. In a shunt 
coil, short-circuiting some of the windings causes the rest to 
overheat dangerously. A short-circuit may arise between the 
frames or cores and the coils, and may be also tested for by 
electric bell or detector as above. If there is a single contact 
fault of this sort between coils and ironwork in the field-magnet, 
then a single fault at any other point — armature, commutator, 
brushes, terminals or circuit — may work dire disaster. 

Dynamo fails to excite. — If a dynamo fails to excite, the first 
thing to do is to thoroughly overhaul all the connections, jmr- 
ticular attention being paid to the direction in which the current 
should circulate round the field-magnet coils : see that the 
brushes are in their proper position and are making good contact, 
and that the external circuit is open if the machine is shunt- wound, 
and closed if series- wound. If the dynamo still refuses to excite, 
lift the brushes and excite the field from some independent source, 
care being taken to give it the right polai*ity having regard to the 
direction of rotation and the manner in which it is connected up. In 
doing this it will be seen whether there is any break in field-circuit. 

FatUts of Alternators, — ^Alternators are liable to faults of special 
kinds. Sometimes they show a regular pulsating fiicker, timed 
exactly to the revolutions of the armature. This can only be due 
to some double inequality. If one pair of poles of the field-magnet 
is weaker than the rest, and one of the armature coils is defective, 
then when these come together in position once in each revolution 
the current may show a momentary drop. Alternators are 
usually made for high voltage, and are therefore liable to faults 
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of insulation that might not occur in low- voltage machines. If 
the two collecting rings are side hy side on the shaft, a spark — 
or rather arc — may spring over from one to the other unless a 
high projecting washer of ehonite is interposed. The field-magnet 
is necessarily brought into proximity with conductors differing 
greatly in potential, and great care is required to prevent these 
being short-circuited by arcs between them and the pole-pieces. 
The peculiar racking action of the alternating current on the 
armature coils (see p. 672) is responsible for many failures in this 
class of machine. 

YHbTaiion and Noise, — Excessive vibration can only be due to 
want of proper balance in'the rotating part. Vibration of a kind 
that may, nevertheless, be disastrous to the dynamo, racking its 
conductors, pounding its insulation to dust and causing the 
brushes to jump and spark, may be occasioned, even in a well- 
bcdanced machine, if it is not firmly secured to a proper foundation. 
Continuous-current machines should run practically silently ; 
the belt will make far more noise than any part of the dynamo. 
Alternators do not usually run silently, for the coils of all disk 
armatures chum the air between the poles. If the iron cores of 
the armature part are subjected to too severe a cycle of magnet- 
ization they wiU emit a loud humming sound, which cannot be 
cured except by using the machine at a lower degree of excitation, 
being a defect of design. Once the author came across a remark- 
able case of an alternator which emitted a sustained howling 
sound of piercing loudness. The cause in this case was the ac- 
cidental coincidence between the nimiber of alternations and the 
natural vibration periods of some of the solid iron parts. It was 
cured by re-fitting the iron parts so as to alter the fulcrum from 
which t^e parts could vibrate. 



APPENDIX A. 
ON WIRES. 

On p. 869 were given some data respecting the sizes of wire 
found suitable in practice for winding dynamos for different cur- 
rents. Other data are to be found in the detedled descriptions of 
various machines in other parts of this book. The question of 
heating in relation to current-carrying capacity was also treated 
in Chapter XYI. in some detail. 

A few further points may be added here, founded upon infor- 
mation given by wire-makers, and in particiilar by the London 
Electric Wire Company. 

The usual insulation for round wires of a greater diameter than 
No. 16 S.W.G. is a double cotton covering which increases the 
diameter by amounts varying from 10 to 20 mils, but which 
usually averages 14 mils. For smaller sizes, from No. 18 to 
No. 22 S.W.G., the usual double-cotton covering is an addition 
of 12 mils. Square wire is usually double-cotton covered to 20 
mils additional, or is sometimes braided. Laminated square 
wire— i. e. made of a number of narrow strips, is usually braided 
to about an equal amount. Since stranded wires came in for 
armature winding, several modes of insulating have been 
adopted, and one maker employs a cable of 37 wires, each No. 16 
S.W.G. , each single cotton covered ; the whole being double- 
cotton covered to 16 mils additional, or braided to 20 mils. For 
transformer windings at high voltage a frequent practice is to 
wind a much thicker cotton insulation for subsequent immersion 
in oil. For example, a No. 23 S.W.G. wire is cotton covered to 
40 mils additional, thus nearly doubling the weight of the wire. 

Annexed is a table useful in magnet winding, showing the 
probable heating, and greatest permissible depth of winding at 
various amperages. It is to be remembered that 2000 amperes 
per sq. in. is a common density of current for field-magnets ; the 
density in armatures runs to 3000 or more ; whilst in trans- 
formers the amperage is as low as 600 or even 450 (see p. 371). 



780 Dynamo-EUctric Machinery. 



SSSSS&SSSSS&^SSS 



i 



!SSSS33:$33S3S 



III! 



illiiiSliSsi3§! 



ejo20gj^ggjlj»g--O': 



Appendix A. 



781 



I 
I 






tH TH iH T-< T-t 



I • • • • 



• • 



I: S 8 S » 9 3 



^ ^ w 00 CO 6b CO 



eoe^ioeoiH^e^ib 



• ■•■•»•• 



SSSSSS^Sf! 



eoaoK*ioo9ao<Dio 
• ••■•••• 



«Deo-^aoQOC9n<o 



t» -^ « iH t- O Oft 

• ••••■• 

^eoeoeoeoo^o^TH 



• • 



• ••••■•a 

oQoo^K*e«aoa»^ 



^ CO 



AfcDio^eoeood 



§ ^ i 

s s s 



i s 



s ^ s s 

»H iH tH C^ 



Si m 







i 



II 



7^2 



Dynamo-Electric Mackinery. 



The following rules which have been given by Eapp, are useful 
for preliminary calculations about depth of winding and weight 
of wire. If Z is the length of wire in inches, D the depth of 
winding-space in inches, X the ampere-turns of excitation, P the 
perimeter in inches, and W the weight of the coil in pounds, we 
have 

X^al 4/D; [»■] 

where a is a coefficient which depends on the gauge of wire and 
thickness of its insulation. Also 



W«i? 



Vi 



1000* 



[«.] 



where /? is a second coefficient varying with the gauge of wire. 

These two formulae are applicable to the case where a temper- 
ature-limit being imposed we allow 2i square inches per watt. 
If no such limit is imposed and a given expenditure of energy is 
assumed, it is more convenient to replace them by the following 
formulsB : — 

PX 



W = ^ 






1,000,000 D 
The four numerical coefficients then have the following values : — 



I>fam. of Bare Wire 
in mils. 


a W. G. 


a. 


^. 


y- 


a. 


40 


10 


622 


0-495 


820 


0-195 


120 


10* 


542 


0-520 


850 


0-205 


300 


6* 


570 


0-615 


900 


0-246 



Another useful rule for calculating wiring is that a copper wire 
1 foot long, and 1 square mil (i. e. one-millionth of a square inch) 
in cross section has a resistetnce of 9-4 ohms, at a temperature of 
60° Centig. 

Yet another set of rules is convenient when calculating the size 
of a round wire or rectangular strip which will carry any given 
current with a prescribed drop of voltage. 

Let C be the number of amperes the wire is to carry, v the 
drop of volts x)ermitted, I the length in feet, ^ the mean length 
per turn in feet, S the number of turns in the coil, r the resist- 
ance in ohms, W the weight in pounds, A the sectional area in 
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fiqiiare inches (if rectangular), and d the diameter in inches (if 
round). Obviously r = t? -^ C. 

Then we have the following rules, in which the constants are 
chosen to suit a temperature of about 40^ (Oentigrade). 



Round Wms. 


Rectangxtlab Btbip. 




V 

A 

W— 3-86ASX 


V 

r-ll-75®/-rl0« 
W— 8-02d«SA 
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NUMERICAL STATISTICS ON ELECTRO-METALLURGY. 

The following data are useful for reference in deciding 
what the electrical capacity of a dynamo must be in order 
that it may deposit metal in any desired quantity : — 

Copper. 



Current 1 ampere depositB 0*000826 grammes per second. 
" 1 " " 001957 " per minute. 

« 1 " «* 1-1789 " per hour. 

** 861 '8 " " 1 kilogramme per hour. 

" 886-4 •* " 1 pound per hour. 

To deposit 100 lbs. of copper in a working day of 10 hours will require 
8864 amperes of current flowing all the time ; or, if conducted in ten baths 
in series with one another, will require 886*4 amperes, but in that case the 
dynamo will require to be of an electromotive-force ten times as great as for 
one single large bath. If electrolysis of the crude copper solution is carried 
on with carbon anodes, there will be required about 1*2 volts for each bath 
In series, or, at most, 15 volts for the ten baths. 

Silver* 

Current of 1 ampere deposits 4*025 grammes per hour. 
112-7 ** •* 1 pound per hour. 



« 
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aold. 

Current of 1 ampere depositB 2*441 grammeB per hour. 
185-8 " " 1 pound per hour. 



«( <c 



HfickeL 

Current of 1 ampere depositB 1*099 grammes per hour. 

" " 412*8 " " 1 pound per hour. 

The following statistics as to the yarious pressures and 
currents required in yarious processes of electro-deposition 
are useful for reference : — 

Pressure at Terminals required for Different 

Kinds of Baths. 

VoltB. 

Copper (acid baths) 0*5 to 1*5 

" (cyanide bath) 8 "6 

Silver 0*5 " 1 

Gold 0*5 " 4 

Brass 8 "6 

Iron (steel facing) 1 '< 1*3 

Kiokel on iron, steel, copper, with nickel 
anode, strike deposit with 5 volts, diminish- 
ing to 1*6 " 3 

Kiokel on iron, steel, copper, with carbon 

anode 2 <* 4 

Niokel on adno 4 "7 

Platinum 6 "6 



Current Density for Proper Deposit. 

Amperes per 
100 sq. inch. 

Copper Typing- 
Best quality tough deposit 1*5 to 4 



Gk>od and tough (for clich^) 4 

Good solid deposit 10 

Solid deposit, sandy at edges 25 

Sandy and granular deposit 50 

Copi)er (cyanide bath) 2 

Zino (for refining) 2 

Silver .. 1 

Gold 0-5 

Brass .. 8 

Iron (steel-facing) . . 0*5 

Nickel at first deposit 9 to 10 amperes per 
100 square inches, diminishing afterwards to 1 



10 

25 

40 

100 

8 

8 

8 

1 

8-5 

1-5 



(C 



7^5 



APPENDIX 0. 

FORMS OF SPECIFICATION. 

The following hints for drawing up Specifications for 
tenders are intended to cover the points really necessary 
for securing fii'st-class machines without too closely tying 
down the details. 

Specification of CoNnNnous-ouBBENT Dtnahos. 

1. All the [four] dynamos are to be of the same [bipolar] [shunt- 
wound] continuous-current type with ventilated ^drum] arma- 
tures. All dynamos of the same size are to have corresponing 
parts interchangeable. Each dynamo is to be arranged to stand 
upon the same bed-plate as its engine, and to be driven direct 
from its crankshaft. 

2. [Two] of the dynamos are to be of [200] kilowatts normal 
output — viz. to give out normally [800] amperes at [250] volts, 
running at [350] revolutions per minute. The other [two] dyna- 
mos are to be of [50] kilowatts normal output — viz. to give out 
normally [400] cunperes at [125] volts, at [450] revolutions per 
minute. 

8. [Two] spare armatures must be supplied, one of each size. 

4. The dynamos must be so constructed that when run at an 
absolutely constant speed, the terminal voltage, when the ex- 
citation is unchanged, shall not drop more than [5] per cent, from 
no-load to full load : and the shunt windings must be such that 
when all regulating resistance is cut out, the terminal volts at no 
load shall be [270] volts in the larger machines, [135] volts in the 
smaller machines, at normal speed. 

5. The dynamos are to carry their full loads without undue 
heating, either from mechanical or electrical causes. The excess 
of temperature of any part of the armature or field-magnet above 
the surrounding air is not to exceed 40^ Centigrade when measured 
on bare copper or bare iron, after a continuous run of six hours 
with the maximum specified output. Each armature must be so 
constructed that a thermometer can readily be inserted in it for 
ascertaining the temperature. 

6. A regulating resistance is to be provided for the shunt cir- 
cuit of each dynamo. This resistance is to be of either platinoid 
or German silver wire ; and its regulator switch must have not 
less than [25] contacts. Allowance must be made in the tender 

5° ^ 
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for the necessary connectiDg wires, the switches being at a dis- 
tance of [16] feet each from its dynamo, and the resistances in the 
place provided in the engine-room at an average distance of 
about [65] feet from the switches. All leads from dynamos to 
regolator-switches, and from regulator switches to resistances 
must be carried in well insulated conduits or casings. The regu- 
lating resistances are to be such that the currents they carry 
shall in no case exceed [1200] sunperes x)er square inch, or that 
they shall not become hot enough to melt ordinary solder when 
carrying a current of 50 per cent, in excess of their normal 
maximum. They shall be enclosed in suitable fire-proof cases 
affording ample ventilation. 

Each regulating resistance must also be such that when the 
dynamo is running at its full normal speed, but without load, the 
terminal voltage can be lowered from the normal value of [125] 
volts to [95] volts in the case of the smaller machines, or from 
[250] volts to' [190] volts in the case of the larger machines ; and 
must also be such as to permit the terminal voltage of the 
smaller machines to be raised to [135] volts, and that of the 
larger to [270] volts. 

7. The dynamos must be capable of standing a temporary over- 
load of 50 per cent, without injurious sparking at the commutator. 

8. The armature winding must be so designed with respect to 
the mode of connecting down to the commutator that the 
brushes in their normal position shall be readily accessible. 
The rocker must be provided with a fine adjustment, and the 
brush-holders must be provided with hold-off catches, as well as 
with devices for the regular feeding of the brushes, allowing of 
the utmost economy in the use of short lengths of brush. 
The larger machines will have [3] brushes in each range, the 
smaller [2]. 

9. The whole of the circuits are to be throughout of copper of 
a conductivity not less than 99 per cent, of Matthiessen^s stand- 
ard for pure copper ; the insulating materials used must be of 
the best, and be such that they will stand the application of an 
alternating pressure of [2000] volts between the copper and the iron 
parts. And when warm after a continuous run of not less than 
six hours, the insulation resistance between iron and copper shall 
not be less than [20] megohms in either the armature or the field- 
magnet. 

10. Drawings for approval showing in sufficient detail the pro- 
posed construction of the dynamos are to be submitted with the 
tender. The drawings should show the mechanical construction 
of the armature, the mode of driving and insulation of the arma* 
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ture conductors, the outer bearing, and the proposed arrange- 
ments of brush-holders, terminals and lubricators. They should 
also show the mode of carrying the magnets upon the bed-plate 
of the combined plant. 

11. Each dynamo when complete is to be tested, either at the 
contractor's works, or at the station with its own engine. The 
tests will include a six-hours' continuous run under maximum load ; 
and the conditions of this specification as to output,. regulation, 
temperature and efficiency will be rigidly enforced. 

In case the same contractor supplies both dynamos and engines, 
the following clauses may be added: — 

12. The combined efficiency of the dynamo and steam engine 
when under test must at least reach the following limits: The 
ratio of the electrical power as measured by standard amperemeter 
and standard voltmeter at the terminals of the dynamo, to the 
power developed by the engine as measured by an indicator of 
approved pattern shall be [86] per cent, for the [two] larger 
machines, and [82] per cent, for the [two] smaller machines. 

13. The fact that the dynamos may have satisfcM^torily passed 
the tests, if made at the contractor's shops, shall in no way lessen 
the responsibility of the contractor for obtaining the like results 
after the machinery shall have been x)ermanently erected in the 
station. The costs of these tests are to be borne by the contractor, 
and covered by this tender; and the tests are to be carried out to 
the satisfaction and in the presence of the engineer.] 

Specification of Alternatobs. 

1 The Alternators are to be of the [single-phase] [separately- 
excited] type with [stationary] armatures and [revolving multi- 
polar] field-magnets, direct-driven. They are to be of the same 
size, and to have corresponding parts strictly interchangeable. 
Each alternator is to be designed to stand upon the same bed- 
plate as its engine, and to be directly coupled to its crank shaft. 

2. [Four] alternators are required. They are to be of [105] 
kilowatts normal output, viz. : to give out normally [50] ampere9 
at [2100] volts, running at [400] revolutions per minute. 

3. The alternators are to work with a frequency of [60J periods 
per second ; and the combined plants must be capable of running 
continuously in parallel at all loads. 

4. The field-magnets of the alternators must be so designed that 
the total energy absorbed in exciting the field-magnets of any one 
alternator shall not exceed [2] kilowatts at full load : and they 
must become fully excited when supplied at [200] volts. 
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5. Begulating resistances must be provided, one for each alter- 
nator, in the exciting circuits. The regulating resistance of the 
alternators must have a sufficient range to operate if exciter cir- 
cuit vfiuries from [200] and [250] volts. 

6. Special care must be taken in the design and construction of 
the [revolving] field-magnets that they shall be properly balanced^ 
that under no circumstances of using shall the exciting coils shift in 
their places; and that all chance of either a short-circuit or a dis- 
connection shall be made impossible. Duplicate brushes and 
brush-holders of substantial construction are to be furnished to 
each slip-ring in the exciting circuit; and the insulation of the 
exciting circuit in protected conduits must be very substantial. 

7. The armature must be of such construction that while of 
great mechanical strength it admits of individual coils or groups 
of coils being readily replaced; whilst the armature as a whole 
must be accessible for daily cleaning and insx)ection. The ter- 
minals of the armature circuit must be specially well insulated, 
and protected against risk of contacts. 

6. The total drop in volts, at full load, when running on an 
ordinary load of lamps or on a plain non-inductive resistancCy 
must not exceed [200] volts when the excitation is kept constant. 

9. The alternators are to carry their full load without imdue 
heating either from mechanical or electrical causes. The excess of 
temperature above that of the surrounding air must not, in any 
part of the armature or field-magnet, exceed [40] deg. Centig. 
after a continuous run of six hours under the maximum normal 
load. 

10. The whole of the circuits are to be throughout of copper, 
having a conductivity of not less than 99 per cent, of Matthies- 
sen^s 8t£uidard : and the insulation shall be the best that can be 
procured. The insulation of the armature and of the field-magnet 
as between the copper conductors and the core or frame shall be 
such as to be capable of mechanically resisting being pierced by 
an electric spark, at 4000 alternating volts. 

11. One spare set of armature coils or sections is to be provided 
by the contractor. 

12. Drawings for approval showing in sufficient detail the pro- 
posed construction of the alternators are to be submitted with the 
tender. The drawings should show the magnetic and mechanical 
construction both of field-magnet and of armature; the mode pro- 
posed for securing adequate insulation of armatureconductors ; the 
proposed arrangements of the exciting circuit, slip-rings, and con- 
tact brushes, the mode of insulating the high-pressure termuuds^ 
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the bearings and proposed system of lubrication; the coupling of 
the shafts. 

13. Each alternator when completed is to be tested, either at 
the contractor's works, or at the station, with its own engine. 
The tests will include a six-hours' continuous run under maximum 
load, £uid the conditions of this specification as to output, regula- 
tion, insulation, temperature, parallel working and efficiency will 
be rigidly enforced. 

In case the same contractor supplies the engines as well as the 
alternators, the following clauses may be added : — 

14. The combined efficiency of the alternator and engine when 
under test must at least reach the following limits : the ratio of 
the electrical power as measured by standard wattmeter at the 
terminals of the alternator, when working on a non-inductive 
load, to the power developed by the engine as measiu*ed by an in- 
dicator of approved pattern, shall be [82] per cent, at full load, 
and sh£Jl be [75] per cent, at one-quarter load. The certificate 
of [the Board of Trade] shall be deemed a sufficient guarantee of 
the correctness of the readings of the wattmeter. 

15. The fact that the alternators may have satisfactorily passed 
the tests, if made at the contractor's shops, shall in no way lessen 
the responsibility of the contractor for obtaining the like results 
after the machinery shall have been permanently erected in the 
station. The costs of these tests are to be borne by the contractor, 
and covered by this tender ; and the tests are to be carried out 
to the satisfaction and in the presence of the engineer. 



Spboifioation of Transfobmeb. 

1. The number of transformers required is [six]. They are all 
to be of the [double-limb upright] tyi)e, having each an output of 
[20] kilowatts. The ratio of transformation is from [2100] to 
[105] volts ; and the normal current in the secondary circuit is 
[190] amperes ; buteach transformer must be capable of working 
at a temporary maximum load of [220] amperes without injury, 
for a time not exceeding twenty minutes. The transformers to 
be wound for a frequency of [60] periods per second. 

2. The cores are to be constructed of the best Swedish charcoal 
iron plates not exceeding [20 mils] in thickness, carefully annealed, 
and coated with tough insulating varnish. The core-plates when 
built up are to be interleaved at the joints so as to form a com- 
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plete magnetic circuit of uniform section, and held tightly 
together by inmilated bolts. The assembled cores to be covered 
with tape, varnished with shellac varnish, and well-baked before 
the coils are placed upon them. 

3. The primary and secondary coils are to be of copper, having 
a conductivity of not less than 99 per cent, of Matthiessen's 
standard, and are to be double-cotton covered to a depth of [20 
mils] and wound on separate concentric cylinders of ozokerited 
compressed paper. A thin layer of insulating material to be 
placed during winding between every layer of wire, and in addi- 
tion a sheet of ebonite at least [40 mils] thick to be int^posed be- 
tween the primary and secondary coils. The winding of the two 
secondary coils to be such that both of the ends that are to go to 
the two secondary terminals shall be the ends of outside layers. 
The whole of the insulation and materials used must be of the 
best quality. ' 

4. The resistances and current densities in the copper, and the 
flux-density in the iron, must be such that the transformer shall be 
capable of working for any length of time at full normal load with- 
out overheating in any part, and on a run of six consecutive hours 
at full normal load shall not rise more than [50] deg. Centig. above 
the temperature of the surrounding air. Nor must the drop in the 
voltage at the terminals of the secondary coil, from no load to full 
load, when the primary pressure is maintained constant at the 
primary terminals, exceed [lij volts when working on a non-in- 
ductive load. 

6. The coil ends are to be brought to well-insulated terminal 
plates, inside the case cmd suitable terminal screws are to be pro- 
vided for attachment of high and low-voltage conductors. The 
case is to be of cast iron, closed by a suitable cast-iron cover 
rendered air-tight and water-tight by a rubber packing. Metal 
glands bushed with ebonite are to be provided for both the low 
and the high-pressure conductors. 

6. Drawings for approval showing in sufficient detail the general 
construction of the transformers, and in particular the modes of 
securing the transformer in its case and of leading out the con- 
ductors, are to be submitted with the tender. 

7. Each transformer must have £m insulation resistance between 
the primary and secondary windings of not less than 25 megohms ; 
and before being tested at the works must be subjected between 
primary and secondary and between coils and core to an alternat- 
ing pressure of at least 4500 volts. After delivery at the station 
each transformer is to be tested, the tests to include a six hours' 
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continuous run at full normal load ; and the conditions of this 
specification as to output, ratio of transformation, regulation, 
temperature and efficiency will he rigidly enforced. 

6. The efficiency of each transformer when under test, and 
^hen warm after a continuous run of six hours, must at least 
reach the following limits: the ratio of the electrical output of 
power as measured hy certified wattmeter at the secondaiy ter- 
minals, when working on a non-inductive load, to the input of 
power as measured hy certified wattmeter at the primary ter- 
minals, at normal pressure and frequency, shall he [97J per cent. 
at full load and [93] percent, at one-quarter load. The certificate 
of [the Board of Trade] shall he deemed a sufficient guarantee of 
the correctness of the wattmeter used in these tests. 

9. The fact that the transformers may have satisfactorily passed 
these tests hef ore delivery shall in no way lessen the responsi- 
hility of the contractor for ohtaining the like results after the 
transformers shall have heen delivered at the station. The costs 
of these tests are to he home hy the contractor, and covered hy 
this tender ; and the tests are to he carried out to the satisfaction 
and in the presence of the engineer. 
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Gap in magnetic circuit— Elffects of 128 

Thickness of S87, 898 

Widening of •. 379 

Qaugain, J. M.,<m curves of integrated electromotive-forces 4» 62 

Gauge of wire for armature 842, 846, 869, T79 

Gauss, the 119, 144 

Gauze for brushes 818 

General EUctrie CoJb Alternators 626 

Dynamo , 482 

Railway motors 546 

Genoa transmission of power 786 

German-silver, use of 622, 785 

Gilbert, the 144 

Cfoerges on output of polyphase machines 601 

Gold, deposition of 784 

Ooolden d Co.'a Brush-holder 825 

Djmamos 484 

Mining motor 689 

Regulator 745 

Goolden-Willans plant, test of 764 

Gordon's alternators. 16» 599, 607 

Governing— By steam-pressure 749 

Djmamometrio 749 

Government of motors 519 

Governors... « 226,468,625,748, 748 

(Tromme— Alternator 580, 582 

Armature 15, 41 

Dynamos 400 

'* characteristic of 206 

Motor generator 724 

On coupling of series dynamos 767 

Transmission of power 18 

Graphic treatment in alternate-current work 561 

Of asynchronous motors 682 

Of continuous-current motors 496 

Of dynamos 66, 196, 289 

Of monophase motors 692 

Of transmissioiL 788 

Of synchronous motors 652 

GQieher CoJ^b brush-holder. 822 

Commutator 815 

action of Immature , 828 
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Hagenbach on theory of dynamo 20 

Heat, effect of, on magnetization 181 

Heat, waste in polyphase motors 677, 678 

Heating and surface emission 873, 717 

Ofarmatures. 295,872, 773 

Of cores 90, 187, 715 

Of magnet coils 869 

Of pole-pieces 70 

Of wires 782 

Specification of maximum 752, 785, 788, 790 

" Hedgehog " transformer 707, 714, 717 

Hefner AUeneck (see Alteneck). 

Hkios Co,^8 alternator , . 611 

HdmeTf design of 478 

Heilmann locomotive dynamo 415 

HeinricTCa dynamometer 766 

HeuHer'B constant-current alternators 640 

Henley's inductor dynamo 10 

Henryfs motors 17, 488 

Henry, the 660 

Heringt Carl, on armature winding 21, 244 

On homopolar induction 478 

On magnetic leakage. . . / 152 

Herrick, on rheostats 744 

Hertffig, on theory of dynamo 20 

Heteropolar dynamos, 475 

Heteropolar induction 475 

High frequency 570 

Skin effect 578 

High voltage — Dynamos 478 

Commutators for 446, 465, 478 

In transmission 694, 782 

Historical notes 5 

Hjorth^ Sdren, his machines 11, 66 

Hochf elden transmission 788 

HochhaiLserVs designs 400 

Holes in core-disk 99, 286, 290, 604, 625, 628 

Holmes^s dynamos 10 

Holmes J, H, <& Co,% dynamos 486 

Holmes-WiUans combined plant, efficiency of. 762 

Homopolar dynamos 475 

Homopolar induction ..5, 475 

IToppet on homopolar induction 478 
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Hop^'tuon, J>n, J, and E., on dynamo dedgn* 20, 421, 428 

On excitation by backward lead 87 

On altematoiB 612 

On magnetic circuit 145, 158 

Hopkinson, Dr. J,, on armature reaction. 882 

On coupling alternators 21, 578 

On characteristic curves 198 

EHectro-plating dynamo. 470 

On loss of power in magnetization. . 140 

On magnetic properties of iron 122 

On magnetic calculations 117 

Method of end connecting 800 

Modification of Edison dynamo 358, 421 

On railway motors 545 

On retardation of magnetism 142 

On reversing gear 518 

On size and output 108 

On testing dynamos 758 

On theory of alternate currents 578 

On theory of transformers 719 

On torque of motors 509 

Horns, or pole tips 80,98, 893 

Homs,.driving 296 

Horse-power of dynamos and motors 102, 581 

Horse-power testing 758 

Ha8pitcUier,E 242 

Houuimant on armature compensation 889 

On separation of losses 761 

Houston^ E. J, (and see Thomson-Houston) 458 

Ilummelj on causes of losses 764 

Humphrey and PoweUf on transformer-current curves 711 

Hunt, R,, on electromagne^ism as a motive power < 484 

Hurmuxe8cu^8 dynamo 478 

Hutin and LebkmCf on alternate-current motors 21 

Alternating-continuous transformer 729 

Ammortisseur 892 

Hysteresis 106, 188 

Loss 185,187, 760 

Increase of , with time ■ 142 

In transformer 698, 712, 715, 717 

Hysteretic constants 187 
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IDLB oofl 67, 449 

Idle current («ee Wattless current) 

Idle wire 41, 420 

Imbricated conductors 403 

Imbricated jointsin iron 707 

ImmiaMa motors 682 

Reversing gear for 518 

Impedance 562 

Impressed field 678 

Indicator diagrams 758 

Inductance 560 

Induction coil 605 

Induction of electromotive-force 1, 8, 22, 24, 29 

Induction in imiform field 61 

" Induction," magnetic (and see Flux-density) 120 

Inductor alternators , 10, 640 

Instantaneous value of electromotive-force 549 

Insulating materials— Air 815, 705 

Asbestos 44,814,614,629, 771 

Canvas 294,482, 452 

Cotton 779 

Cotton cloth : . 452 

Ebonite 822, 826, 826, 429, 619, 628, 707, 708 

Enamel 294,299, 621 

Fibre, hard white 296, 814, 824, 482 

Fihn of oxide 286, 299 

FihnofoU 299 

Glass 616 

Indiarubb6r 294, 588 

Insulating paint 294 

Ivory 488 

Japan ...: 294 

"Made mica" 429 

Mica 44, 284, 294, 814, 429, 614, 628, 771 

Muslin 429 

Oil 429, 705 

Oiledlinen 481 

Paper 294, 802, 461, 705 

" core-papers 429 

" Manilla 294 

*• oUed 481 

*' paraffined 294 

" parchmentized (Willeeden paper) 294, 814, 588 

" pressed board 429 

" varnished 286,294,451 
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Insulating materials — 

Plaster 814 

Porcelain 616 

Rope, hard , 420 

Rubber varnish (Scott's) * 294 

Shellao « .814, 868, 451 

Silk i »...*...*. 299, 628 

Slate ;....; i. 4.621, 628 

Sulphur ; i. ..; 616 

Tape 285, 801, 420^ 481, 621» 705 

Varnish 44,285,294,429,451, 705 

Vulcanized fibre * ■, 614 

Wood 290,296,ei4, 708 

Insulation of armature cores 42, 284, 294 

Of brush-holder 824 

Of collecting rings. 826 

Of commutator 814 

Of dynamo from ground 774 

In transformers 708 

Ofwmse 779 

Insulation resistance 762 

Specification of 786,788, 790 

Insulation tests 772 

Intensity (tf magnetic field. 118 

Interchangeabilitj of parts. 785, 787 

Interference of armature (see Armature reaction) 

Jsen5eoA?, on armature exploration 68 

On cunres of intemited electromotive-forces 62 

Iron and copper losses in transformers 700, 715, 717 

Iron in armature of alternator 598, 6(K3 

Iron, magnetic properties of 112, 122 

Iron (see Armature, Cores, Flux-density, Hystexeaifli) 



Ja/^c%cmy Prof. 2>. C, on magnetic properties of iron and steeL 127 

Jacobin on back electromotive-force of motors 485 

On early dynamo. 8 

On electromagnet 148 

On law of maximum output 491, 494, 498 

Law of, applicable to alternators 656 

Motor. 18, 488 

Jamin and Richard, on theory of alternate currents 578 

Jehl and Rupp, disk dynamo 480 

JeM, on continuous-current transformation. 727 
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JohnBtm db Phillips— Kapp's dynamos 859, 408, 607 

Transformers 705,714 

Johnson, on early dynamo 11 

Joints in magnetio circuit 129 

Joubertf on finding form of wave 552 

Method of exploring commutator 63, 65 

On spurious resistance 89 

On theory of alternate currents 573 

On theory of dynamo 20 

Joule J. P., on back electromotive-force of motors 486, 491 

On electromagnet 148 

On magnetic circuit 115 

Law of 493 

Motors of 488 

JovJe's researches 19 

Journals 828 

Joyce, on heating of conductors 876 

K 

Kappj Gis&erf— Alternators 558, 582, 607 

Brush-holder 824 

Commutator 815 

On depth, &c., of winding 782 

Dynamos. 402 

Dynamo, calculations of 857 

Efficiency of. 195 

On dynamometry 755 

On leakage in line 499 

On limits of load 886 

On magnetic calculations 117 

On magnetic circuit 145 

On method of driving core-disks 292 

On method of end-connecting 807 

On separation of losses 760 

On size and output 109 

On testing dynamos 759 

On theory of dynamo 21 

On transmission of energy 509, 740 

Transformers 705, 714 

On width of pole-faces. 588 

Kelvin, I<or(2— Alternators « .16, 618 

Disk dynamo ■ . 479 

On efficiency of motors 491 

On theory of dynamo 20 

On theory of homopolar dynamo 478 
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Kdvin, Lord-^ 

On transmission of energy 740 

On wave winding 586, 613 

Kennedy^A, B. W.^ test of combined plant 762 

Kennedy yBarMnen-lxon^iaA dy^namo. 163 

Alternators 583 

Polyphase motors 687 

Kennelly on armature reaction 86 

On reluctivity 144 

Keys 887 

Kingdon*8 inductor alternator 640 

KoTUratischf on armature distortion 69 

On theory of alternate currents 578 

Curves showing armature reaction 69 

Kolben, Oerlikon dynamos 408 

Kooaen, on theory of alternate currents 578 

Investigations 19 



L 

Ladd^a self -exciting dynamo 14 

Lag of current 558, 561 

Effect on torque 571 

lAg effect of demagnetizing 596 

Lag, magnetic 141 

Xa^mej^er—Dynamos 162, 441 

On " far-leading " dynamos 725 

Laminated series motors 698 

Lamination of armature conductors 91,299,842 

Of armature core 44, 91, 284, 451, 588, 609, 636, 678 

Of pole-pieces 91, 602, 686, 648 

Lamontf on electromagnet 148 

Lap-winding 258, 279, 696 

LauckerVs compound winding 57 

Lauffen generator 627 

Lauffen transmission 741 

Laurence, Paris db ScotVa motor generators 724 

Law of action and reaction 1 . . . .487, 516 

Of efficiency of motor. 491, 498 

Of hysteresis 187 

Of Lenz 516 

Of magnetic circuit 114, 145 

Of maximum output of motor 491, 494, 496, 656 

Of Ohm 28 

Of transformer 690 
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Lead of current 558,661,564, 566 

Caused by synchronous motor 654 

Effect on field 596, 654 

Lead of brushes 72, 76, 78, 86, 883, 448 

„ backward » . , . .8©6, 396 

„ in motor * »;.;.* 514 

" Leading " polar horn. » i 76, 94, 883 

Leakage in line * . . , » 499 

Leakage, magnetic 150 

LManc {see Hutin and Leblanc) 

Lecher J on homopolar induction 478 

Ledeboer, on parallel running 766, 768 

Leicester central station plant 633 

Length and diameter of armatures 93, 843, 377 

Length of conductor per volt 476, 633 

Jjenz, on dynamo as motor.. .' 18 

On ^ectromagnet 148 

Law of 516 

Researches 19 

Le Roux, on theory of dynamo 19 

On theory of alternate currents 573 

Lightning arresters 774 

Limit of armature current 881, 886 

In multipolars 396 

Linde, on finding form of wave 553 

Line, integral, of the magnetic forces 118 

Lines — Magnetic 118 

Of force as distinguished from magnetic lines 114 

Of magnetic induction 120 

Liverpool overhead-railway plant 546 

Load on dynamo, limit of 881, 386 

Locomotive motors 640, 546, 546 

Lodge, Oliver J,, on impedance 563 

London Electric Wire Company's data 779 

LontirCs machine. 15, 48 

Loomis, on the location of armature faults 775 

Loss of power in magnetic cycle 136, 139 

In transformer 700, 715, 717 

Losses, separation of 760 

Lost amperes ', 190 

Lost volts 1 80 

Calculation of 845 

Lubrication of bearings 884, 619, 634 

Of commutator 771 

Lubricators 334 

Lummia-Paterson, on djmamo management 773 
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pias 

MaOnkt ooils, heating of 809 

liagnets, forms of 158 

Magnetic oaiculations 848,856, 861 

Magnetic drouit 114, 145 

Air gap in 188 

Joints in 129 

Branched 119, 150 

Calculations of 850, 856, 861 , 864 

Reluctance of \ 119, 120 

Magnetic— 

Conduction 118 

Creeping 141 

Qfcle 184 

Field about conductors 24, 98 

,. rotating 266 

„ stiffnessof 898 

Flux 114, 168 

„ calculations of 848 

Leakage 160 

,c allowance for 849 

„ in asynchronous motors 681 

,. measurement of 158, 752 

„ ' in transformers 700, 704 

lines 24, 28 

PermeabiUty ..120, 849 

Potential 116, 119 

Potential in gap 884 

Principles 112 

Properties of iron and steel 124 

», „ „ changes of 142 

Pull on armature 828 

Retardation in solid coils 141 

Shunt 530 

Units 112, 144 

Magnetizing coil 117 

Magnetizing current in transformer 698, 709, 715 

Magnetization of armature 70 

Magnetomotive-force 116, 117, 145 

Magneto-electric machine 83, 48 

Theory of 179 

Magneto-ringer T 548 

Magnolia metal 833 

MaitCn alternators 624 

Maldl/^ireiC^ machine 10 

Uanitf;ement of dynamos 765, 769 
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" Manohester " dynamo 420 

Manchester street station plant 625 

M(U]wiire^B regulator 745 

Martin and Wetzier^ on motors 484 

Mdscart and Jcvbert, on size and output 108 

Mascart, on theory of dynamo 20 

Ma99on^8 improvements 10 

Mather, on armature compensation 889 

Mather and P2aM— Alternators 612 

Car motor ,,,. 544 

Railway motor 545 

Dynamos 420 

Equalizers 726 

Mavor and C<nU8on — Dynamos 438 

Mining motor 540 

Maximum— Armature current 381, 886, 896 

Power of synchronous motor 655 

Values of sine functions 554, 564 

MaxweU^ J. Clerk, on self-exciting machines 19 

On self and mutual-induction 719 

On theory of alternate currents 563, 578 

On theory of transformers 721 

Mean power, alternate-current 566, 571 

Measurement of alternate-current power 567, 568, 571 

Of efficiency 758 

Of fluctuation of electromotive-force 178 

Of insulation resistance 752 

Of magnetic leakage 752 

„ properties of iron 127 

Of power 753, 758 

Of resistance of armature 751 

Of total flux 178 

Mechanical actions and reactions 96 

Mechanical characteristics 502, 528 

Mechanical points in design 327 

Mesh connection of polyphase circuit 669 

Menges, on armature compensation 391 

On dynamo testing 758 

Meyer, on theory of dynamo 20 

Meylan, on parellel running 766 

Mild steel, magnetic properties of 123, 127 

Minet, on dynamo tests 764 

On Edison dynamos 427 

Mitis metal 127 

Monad (see Du Moncel) 

Monophase motors 687 
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Mordejf, TT. 3f., on alternate-current wave form 718 

On alternator curve 658 

On armature exploration 64, 66 

On coupling compound dynamos 767 

On finding form of wave 662 

On motor and dynamo analogies 616 

On parallel working 21 

On the shunt motor 529, 680 

On slow changes in iron 142 

On synchronous motors 658 

Alternators 619 

Inductor alternators 641 

Method of cross-connecting 276 

Methods of exploring commutator 68, 66 

Multipolar ring 16 

Transformer 702, 714 

Victoria dynamo 417 

Morin-8 dynamometer 756 

Motors — ^Action of alternator 671 

Alternate current {see Alternate-current motors) 

Asynchronous 862 

Characteristics of 606 

Commutation in 617 

Continuous current 482, 581 

Determination of windings 627 

Direction of rotation 517 

Efficiency of 487,490, 498 

Historical notes 17 

Laminated 698 

Monophase . 687 

Polyphase . 21 , 662, 678 

Pulsating 646 

Regulation of 619 

Reversal of 617, 618 

Rotatory-field 666 

Speed of 601, 608 

Tlieory of 492 

Torque of 601, 608 

For traction purposes 640 

Motor-generators 724 

Mountain^ W. C, commutator 822 

ilfiUZer— Disk winding 279 

Method of measuring power 757 

On electromagnet 148 

On magnetization of steel 10 

Multiphase (see Polyphase) 
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Multiplex windings 273 

Multipolar— Brush dynamo 467 

Dynamos, design of 896, 580 

EhTim winding 265 

Ring for alternators 581 

„ windings 275 

Polyphase plant 672 

Murray^a dynamometer 756 

Tests of brush dynamo 458 

Murray, on self -excitation 12 

Mutual induction 94, 719 

N 

Negro (see Dal Negro) 

Neumann, on laws of induction 10 

On theory of alternate currents 578 

Neutral point on armature shifted 70 

Neutral points on commutator 77, 78, 257, 820, 515 

NewaU, on joints in magnetic circuit 129 

Niagara plant 636 

Niagara transmission 787 

^iaudet, Alfred, on theory of dynamo 4 

On gnunme dynamos 401 

Nickel, deposition of 784 

Noise in running 777 

iVbZJe^'s machine 10 

Non-concentric poles 894 

"Non-polar" dynamo 476 

O 

Oerlikon Co.— Alternators 627 

Drum armature 807 

Dynamos 406 

Electro-metallurgical dynamos 472 

Polyphase motors 678 

Transformer 704, 706 

Oerlikon works, transmission of power to 786 

Ohm Dr. O. 8., law of 28 

Oil (gee Lubrication). 

As insulator 429 , 705 

Insulators 742 

Open-coil armature 40 

Advantages of 464 

Open-coil dynamos 447 
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Organs of djmamo 81 

Oscillatory dynamo 16, 427 

Output and size 102, 108 

Output of alternators , 589 

Over compounding 237, 289, 728 

Over-excited synchronous motor 654 

Overload 786 

Over-type» support of armature in 827 

P 

Bacinotti— Armature 18, 14, 16, 41 

Disk dynamo 278, 479 

Motor 18 

Toothed core 286 

Fage — " Inductor" machine 10 

Motor 18, 488 

Paper (see Insulating Materials) 

Parallel— Alternators in 647, 659 

Coupling machines in 766 

fhm wnd Scotfs method of end-connecting '. 807 

Parker^a dynamo 487 

ParshalTs multipolar dynamos 484 

i\irson*— Turbo-alternators 624 

Steam turbine, efficiency of 624 763 

Paterson and Cooper— Core-disks and spider 291 

Dynamos 489, 470 

Pedestals 882 

Peripheral speeds 109,299,367, 476 

Period 549 

Periodic governor 621 

Periodicity 549 

Permeability 120, 849 

Curves for iron and steel 125 

Permissible heating 752 

Perry, John {see Ayrton and Perry) 

Ring winding 276 

Constant-speed motors 18 

On shaft stresses 821 

On theory of transformers 723 

Peacetto, on size and output 108 

i^etrina'8 machine. . : 8 

Peukert, on aifmature reaction 87 

Phase of alternation 550, 555 

Phase-difference 649 

pi^ase-^l^^pn in tr^tnsf onnercf 708 
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Phase-splitting 689 

Phase transformation 781 

Picou, jB. v., on rotatory-field motors 21 

On self-governing of motors 529 

Oh synchronous motors 21, 662, 655 

Pitch 588 

Pixii, his machines 7 

•* Phoenix " arc-light dynamo 465 

Dynamo, particulars of 866 

Hilcker^a homopolar dynamo 475 

Pogrgendorjf— Conmiutator 8 

Investigations 19 

Polar-span, angle of 74, 387, 588 

Pole armatures 41, 584 

Pole-pieoes — Eddy-currents in 92 

Effect of shape on wave form 569 

Lamination of 91, 602, 686, 643 

Varieties of 898, 894 

Pole-faces, width of 688 

Pole surfaces, shaping of 68, 88, 95, 160, 388, 391, 398, 894, 471, 562 

PoUak'a rectifying commutator 731 

PoleeKk&8 dynamo > . . . 481 

Polyphase and single-phase alternators 601 

Polyphase — Alternators 598 

Motors 31, 662, 673 

•' history of 19 

" theory of 21, 675 

Transformers 718 

P&nedet^s improvement of Prony brake 754 

Ponemah Ck)tton Mills plant 661 

Position of dynamo 769 

Potential at terminals 180 

Potential, magnetic 119 

Potter, on rotatory-field motors 21 

Power— Alternate-current 566, 571 

Characteristic 200 

Mean, of alternate currents 577 

Measurement of 753 

Of polyphase motors. 676 

Of synchronous motor 650, 652 

Product of two factors 100, 493 

Power-factor of transformers 709 

Practical construction of armatures 284 

Pressure on bearings 327 

PreatoTif T,, on homopolar induction 478 

Prevention of sparking « 80 
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Primaiy and secondary currentB 695 

Products of periodic functions 557 

FtonifB brake 754 

Puffer^ on parallel running 7(J6 

Pulley, overhung 830 

Pulsating motors .^ . . . 546 

Pulsation 574 

PiUvenMicher^B machine > 8 

Pyke and Harrises indicator alternator ^ 642 

Pyke and Salonuma transformer 702 

QUADBATUBB 557 

Quarter phase 577 

B 

Racino of motors. . . .^ 619 

Backing of armature conductors 185, 817, 572, 777 

Of connectors 817 

Radian, unit angle IQl, 17& 

EaffardTa improvement of Gramme djmamo 400 

Of Prony brake 755- 

Railway, electric, machinery for 424, 448, 540 

Ratio of transformation .697, 720, 727 

Bavenahaw : 484 

On dynamo testing 758 

Regulator 747 

12atcor^^^Method of exploring commutator 66 

Coupling 888 

Bayleighf Lord, on alternate currents 578 

On dynamo testing 758 

Reactance 560, 566 

Reaction (see Armature reaction) 

Reaction due to current in armature 58, 70, 882 

Reaction— Mechanical 96, 817, 572 

Of inductance 559 

Of motor armature 510, 518 

Beber, on polyphase motors 21 

EeehniewM, on continuous-current transformation 727 

On size and output 109 

Beckenzaun, on motors .' 582 

Rectification of currents 88, 172,449,594, 728 

Rectifying commutators 594, 728 

Regulating dynamo, ways of 49, 51, 461, 748 

Regulating resistance, specification of 785, 788 
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Begiilation of motors 1 ^ 619 

Of Parson's turbine 626 

Of Thomson-Houston dynamo 461 

Regulators. 748 

ReiffaieTy on regulators ' 748 

Relation between size and output 840 

Reluctance of magnetic circuit 116, ll8, 119, 120, 146 

Reluctance, calculation of 850, 856, 861, 864 

Reluctivity, a lineal function of H 144 

Remanence 182 

Menshaufa spherical bearings 888, 884 

Residual magnetism 182 

Resistance— Effect of, in rotor 681 

For regulating 226,446,744, 747 

In characteristic 206 

Insulation 752 

Of coil, relation to size. 877 

Of shunt coil n 870 

Of wires 782 

Spurious, in armature * 89 

Resultant magnetic flux 675, 678 

Retardation of phase (see Lag) 

Of magnetism 141 

Retarded field motors 698 

Reversal of current in armature coils 80 

Of motor field 517 

Of polarity 50, 469 

Reversibility of dynamo 18 

Reversing gear of motor 518 

Rheostat as regulator 226, 445, 744, 747 

Rheostat, specification of 785 

Rhodes, on synchronous motors 21, 659 

Richardson's governor 748 

Right hand rule 22 

Rimington, on alternate current-wave form 712 

Ring armatures — Cross-connection of 276 

Winding of 87, 40, 71, 251, 258, 275, 580 

Magnetization of 71 

For alternators .*. . 580 

Series connecting in 276 

Pacinotti's 18, 14 

Gramme's 15 

Multipolar 275 

JBtfcfeie— His machines 8,10, 18, 488 

On magnetic circuit 115 

RdbirCs disk dynamo 480 
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Kockers t8, ftJS 

Rocking of bruflhee , ta, TTl 

JRoessZer, on altemate-curtetit wave f onn 718 

Bomillyt on drum winding 15 

Botatory magnetic field 662,666 

Eotor 674, 668 

In alternating field 688 

Effect of resistance in 681 

Of Stanley-Kelly motor -.*. 687 

Bowlandt on relation between magnetomotlTe-force and flux. 116 

BxxJeer^ on limits of r^^ulation 21, 242 

Bupp^ on continuous-current transformation 727 

Disc dynamo 480 

Byan, Prof, H, J.,— Method of exploring commutator 66 

On armature compensation 891 

On synchronous motors 21 

On transformer-current curves 711 



S 

BahvJka^ on alternate-current motors 21 

Salient poles 161 

Sandwiched coils in transformer 701 

Saturation, magnetic 121 

In compound machine 282 

Sawyer's inductor dynamo 10 

SaxtorCs machine 8 

Disk dynamo 479 

;8(Ci^er0— Boosters 726 

"Commutator "coils 894, 895 

Dynamos 488 

Electro-plating dynamo 471 

Mining motor ; 540 

On motor commutation 615 

On parallel running 766 

Schellen, on theory of dynamo 4 

Schdnenwerth plant 1 682 

Schuckert db Co. — Ck>ntinuous-altemating transformer 781 

Dynamos 440 

Sfc^ilZfj!;, on armature reaction 86 

Scott and Mountain 582 

Secondary and primary currents. 695, 709 

•* Section *' of a winding 60 

Self-compensating armatures '. 894 

Self -exciting dynamo 49 
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Self-exciting alternators 594 

Self-governing motors 522 

Self-induction 660 

Effect of, in synchronous running 650, 660 

In alternators 606 

In circuit with transformer 1 710 

Causes sparking 79 

Self-oiling bearings 886 

Self -starting synchronous motors 661 

Sellers, Coleman— Deaigna for Niagara plant 686 

On double lubrication 885 

SeUon, on continuous-current transformation 727 

Separate coils for excitation 52 

Separately-excited dynamo , 48, 594 

Theory of 179 

Separation of losses 760 

Series-connecting in ring armatures 270 

Series dynamo 40 

Characteristic of 197, 204 

Efficiency of 188 

Coupling of .... i 765 

Series lighting 445 

Series motors — Characteristics of 506 

In transmission 509 

Series-winding on motor 524 

Series-winding not to be used with electro-plating dynamos 460 

Shaft, design of 820 

Shaping of pole-pieces 68, 88, 95, 160, 888, 891, 898, 894, 471, 552 

Shell-transformers 702 

Short-circuits in armatures 778 

Shunt coil calculation 872 

Heating of ., 870 

Shunt current, calculation of. 846, 870 

Shunt dynamos 50 

Efficiency of 190 

Coupling of 765 

Shunt motor— Characteristics of 510 

Constancy of speed 529 

Shunt and series winding on motor. 527 

Siemens, Alexander, on torque of motors 50S 

On shunt dynamo 211 

Siemens, Sir William — ^Efficiency of motors 491 

Early researches. '. 11, 16 

On transmission of power.. 490, 510 

On shunt dynamo 210 

On compound winding 57 
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Biem.6inA^ Werner van — Self-exciting dynamo 18 

On armature reaction '. 86 

llining drill 646 

Shuttle-wound armature 11, 88, 469 

Invents name of dynamo 18 

On transmission of power 491 

8ieme7i8 — Alternating-continuous transformers 728 

Alternators 609 

Dynamo(old) 15,88,158,469 

I^namo (new) 404 

characteristics of. 196, 901, 911 

efficiency of 196 

Homopolar dynamo ... 476 

Mining drill 546 

On efficiency of motors 491, 499 

Law of 498 

Winding 808 

Siemens and Habfte— Alternators 609 

Brush-holder 826 

Dynamos 168,802,867,897, 406 

Electro-plating dynamos 469 

Ring dynamo \ 168 

Silver, deposition of 788 

Silver solder 805, 610 

Sine curve 87, 62, 548, 550, 558, 569, 718 

Sine-curve controversy 558, 569, 718 

Single-phase motors : 687 

Sinstedenr-^U-excitixig dynamo 10 

On theory of dynamo 19 

Size of dynamo in relation to output 108, 840, 877 

Size and output in relation to cooling surface 876 

Skin-effect 578 

Slater LevM regulator 746 

Sleeve for armature ' . . 292, 882 

Sliding contacts 5, 85, 812, 826, 884, 475, 585, 680, 678 

SHdingrails 769 

Slip in asynchronous motors 666, 675, 678, 679, 681 

Slip in monophase motors 688, 691 

81i^rings (see Sliding contacts) 

Slotted armature 848 

Smith, Hev. F, J, — Method of measuring torque 186 

On work-measuring machines. 755, 756- 

Smith, Holrcyd, his brush 821 

Smith, WUloughby, on homopolar dynamo ; 476 

^ncZZ— Motors 588 

On horse-power of motors ; 581 
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SneH, on size and output 88^ 

South London Electric Railway plant » 424 

Spacing in armature winding 246, 256 

Sparking— Causes of 78,881,450, 771 

Prevention of 80, 881, 387, 897, 460, 514, 771 

Specification of alternators 787 

Of dynamos 785 

Of transformer 78fr 

Specific utilization of copper 86S 

Speed— Dependence of volts on 21, 45, 178, 846, 476, 549 

Advantage of high 47, 869^ 

Peripheral 109, 299, 867, 47ft 

Regulation of shunt motor 511 

Relation of, to characteristic 205 

(See also Critical speed and Slip) 

Sperry's arc-light dynamo 465 

Spherical armature 458 

Spherical bearings 884, 484, 628 

Spiders 290, 882 

Spiral winding 596 

Split-phase motors 689 

Splitting the phase '. ^» 

^prague, F, .7.- Motors 584, 586' 

On motor regulation 52I& 

Spurious resistance 89* 

Square-root of-mean-square 554 

Squirrel-cage rotor 667 

Stafford and Eaves' electro-plating dynamo 470 

Staggered poles 686- 

Stampings for cores 286,588,674,702 

Stanley's constant-current alternators 640 

Stanley-Kelly— Inductor alternators 641 

Two-phase motor 680 

Star connection of polyphase circuit 669 

Starting— Dynamo " 769 

Of motors 509 

Torque of asynchronous 680 

Stator 668, 674 

Statter's arc-light dynamo ." 465- 

Steam consmnption, test of 762 

Steel, magnetic properties of 128, 134 

Steinmetz, on alternate-current wave form 712 

On asynchronous motors 685> 

On polyphase motors., 21' 

On loss by hysteresis 187 

On synchronous motor 21, 650 
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Step up traasformen ^M^ T87 

StifEnaaas of field 898 

StoArei^-DiBk dynamo 479 

Machine 8 

Siorehf on size and output 109 

Stranded oopper oondnotora 299 

Straj field 160, 162 

Stnj power 106, 768 

Street-tramway generator 488 

Stress, effects of, on magnetism. . .' 294 

Stresses in shaft 881 

Stroh, A„ constmots self-ezoiting dynamo 13 

Stromberg, on armature reaction 86 

Btwrgeon — ^Machine and commutator 8, 88 

On magnetic circuit 116 

Wheel 488 

Summation of electromotive-forces. 691 

Sunk windings 284, 286 

Surface of heat emission 873 

Surface windings 284 

Bwifibwrne, James, on armature exploration 64 

On armature reaction 882 

On armature compensation 889 

Dynamo designs 262 

On dynamo testing 758 

Method of end connecting 807 

„ exploring commutator 68 

Transformers 707, 714, 717 

Synchronizer 659 

Synchronizing alternators 659 

Synchronous motors 21, 647 

Variation of excitation of 652, 656 

Synchronous polyphase motors 660 

Symbols, table of 169 

T 

Tables— Of binding wires of Edison dynamos 297 

Of circuits of Brush dynamo 456 

„ Th<Hnson-Houston dynamo 1 462 

Of constant-speed generator and motor compared 528 

Of cross-sections for different shapes 878 

Of current and volts of Siemens' machine 108 

Of data of A. E. G. motor 538 

„ of Croker and Wheeler's motors 588 

,» of Edison dynamo 480, 481 
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Tables— 

Of data of Edison-HopkinBon dynamo 854 

,, of Elwell-Parker continuous-current transformer. . . 725 

„ ofKappdynamo 857,868, 868 

„ of Sprague motors 585 

„ of Westinghouse Go.'s street-car motors 548 

Of effect of joints in wrought iron 180 

Of efficiency test of Ooolden-Willans plant 486 

„ „ Snellmotor 588 

Of electro-metallurgical data 788, 784 

Of flux-densities in dynamos 868 

Of flux through various parts of Lahmeyer's dynamo 158 

Of heat waste at different cuirent-densities 871 

Of hysteretic constants 187 

Of hysteresis waste 140 

Of journal sizes 880 

Of leakage coefficients 151 

Of motor speeds and currents 488 

„ torque and currents 507 

Of pole width of alternators 580 

Of shunt-motor speeds 529 

Of symbols 169 

Of transformer data 714 

„ relations 720 

Of triplex two-pole drum winding 274 

Of values of B, n and H in iron 126 

Of winding of Lauffen three-phasers 629 

,, on Siemens plan 260 

Of two-pole drum winding 247 

Of two-pole symmetrical winding ^ 265 

Of four-pole drum-winding 269 

Of eight-pole drum winding. 268 

Of lap winding 255 

Of wave winding. 255 

Wire gauge and amperage . . . . v 780, 788 

Tape (<6e Insulation) 

ITa^^uzm, on dynamometry 756 

Teazer coils 56, 451 

Teeth of armature cores 14, 48, 99, 287, 848, 602 

Produce eddies in pole-piepes 98 

Temperature rise (aee Heating). 

Terminal potential difference 202 

TesUx^ iVifcoZa— High frequency 570 

On x)olyphase work 665 

Split-phase motors 689 

Two-phase motor 671 
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Testing dynamos 751, 768 

Specification of 787,789 

Testing— For faults in armature 763, 778 

Insulation resistance ; 752 

Temperature-rise 752 

Tests of car motor ' 542 

Theory of compound-wound motors 522 

Of continuous-current transformation 727 

Of dynamo 19,22,45, 168 

„ alternate current 578 

„ series wound ^ 188 

„ shunt wound 190 

„ compound wound 224 

Of electric motive power .* 489 

Of monophase motors 690 

Of polyphase motors 675 

Of the synchronous motor 648 

Of transformer 699,708, 719 

Thickness of core-disks 284 

Third brush for shunt coil. 52 

77iomp«on, M. E., on armature distortion 69 

Thompsont S, P., on armature exploration 68 

Method of compensating armature 890 

ThorMOHf ElihUf on armature compensation 889, 891 

On breadth of alternator coils 590 

On continuous-current transformation 727 

On dynamometric governing 749 

Experiments with alternating current 687 

Hisinductor 642 

His open-coil dynamo 16 

On transformer conductors 717 

On constant-current transformers 717 

Thomson-Houston— Dynamo 458 

Transformer 714 

ThompaoUf James, on brak^ dynamometer 755 

Uiompaon, Joseph J,, on joints in magnetic circuit 129 

On skin-effect 578 

Three-dynamometer method 568 

Three-phase alternators 599,604,627, 644 

„ oonvertable to single phase 686 

Combinations 664 

Currents 600, 665, 670 

Inductor alternator 644 

Three-voltmeter method 568 

Three-wire system, transformer^ for 718 

Thrust bearings 888 
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Thwnton^ on Brush dynamo 45S 

Thwry — Continaoufl-ciiiTent machineB for traofimiiaion. 78^ 

Dynamos 44d 

Inductor altematora 64^ 

Regulator 746 

Timmermann, A, H. and C. E,, on radiation of heat 97^ 

Tooth (see Teeth). 

Torque of alternators 571 

Ofarmature 96, 100, 1(» 

Constant 749 

Of asynchronous motors 676, 681, 686 

Of monophase motors 691 

Of motors 601, 60a 

Of synchronotis motor. . . . , 650- 

Traction motors 540, 646, 646 

"Trailing" polar horn 76,94, 881? 

Tramway generators 48S 

Transformers 694 

Construction of 700* 

Continuous-current 784 

Design of 716 

For constant current 717 

For insulation tests 758 

Modem types 708 

Polyphase 718 

For three-wire systems 716 

Specification of 789 

Transformer-action of x)olyphase motor , 676 

Transformer-cases, specification of 790* 

Transmission dynamometer 756 

Transmission of energy 7S8 

At high voltage 694 

By alternate currents 647, 651 

By polyphase currents 668 

Two-series motors in ^ 509 

Triplex-winding ; 273, 274 

Trotter, A. P., on magnetic leakage 158 

On motor regulation 53(^ 

Regulator 747 

True watts 567 

Turbo-alternator 626 

Two-phase— Altematois 599, 634 

Combinations 668, 670 

Currents 600 

Motors 661 , 666, 671 , 673, 686 ' 

'* Tyne " dynamo brush-holder 88a 
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Undsr-typb, support of armatore in 327 

Unipolar dynamo. 6, 475 

Units, connections between 101 

Units, magnetic 112, 144 

Untoin, on brake dynamometer 755 

Uppenbom, on compound winding 242 

On homopolar dynamos 477 

Useful points in designing 867, 581, 688| #78, 702, 715 

Utilization of copper, specific • 868^ 

V 

Van Mdlder€n*8 machine. 10^ 

Varley, CromweUF, 174, 701 

His transformer 701 

Varley C, and 3. A,, self-ezciting machine 12 

Varley, 8. Alfred, on compound winding 56 

On homopolar dynamo 475 

His machines 12 

Varley, F, H., his machine 12 

Varl^, O., his machine • 12 

Ventilation of armatures.. .164, 292, 295, 878, 896, 408, 420, 452, 616, 628 

Of field-magnets 878 

Of transformers 708, 716, 717 

Yertioal-fihaft dynamo 412 

Vibration and noise 295, 777 

• ' Victoria " dynamo 276, 285 , 417 

Vinceni^s multipolar drum 16 

Virtual volts and amperes 558, 564 

Voltage required in deposition 784 

Volts lost in the armature 180 

Volts, virtual 554 

Volume of magnetizing coil 871 

Volume (see Output). 

Vulcanized fibre {nee Insulating Materials). 

W 

Walenn, on reversibility of dynamo 18 

Waltenhofen, on theory of dynamo 20 

Warburg, on loss per magnetic cycle '. . 185 

"Wasted powei^-In copper 847, 871, 761 

In iron 187,140,847, 761 

Waste of power at different current-densities 871 

Waterhous^B regulator. 747 

53 
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WatlemSy his machine 8 

Watt, the 200 

Wattless current. 507 

Wattmeter 668 

Wave form {fiind see Sine curye) 549, 552 

Of transformer currents 712 

Wave winding 596 

Wdjiber^ on motor generators at Chelsea 725 

Weber, on laws of induction 19 

On theory of alternate currents 573 

On unipolar induction 475, 478 

TTe&er, H, F,, on Lauffen transmission 742 

Weber, the 144 

Weddingt on alternate-current wave form 712 

W^eight of dynamos («ee cUso Output), 405, 412, 416, 426, 429, 4S8, 444, 626 

Of copper 416, 626 

Weiibach, on power-measuring machines 765 

JTerwfer^— Dynamo test of 764, 

Pierced core-disks 290 

WestingJiouse Co. — Air-blast for cleaning 771 

Alternator 583,602,626, 638 

Ck)re-disk8 288 

Niagara alternators 688 

Street-car motors :542, 544 

Transformer 703,714, 717 

Weston^a dynamos 16, 160 

Wheaistone, Sir Charles— Motor 18 

On self-exciting dynamo 13 

Machines 9, 10 

Use of electromagnets 9 

Wheel dynamo 479 

Wkeeler, on parallel running 766 

Whirls of magnetic lines 26 

Widening of gap-space .' 379 

Width of pole-faces {see Pole-pieces) 

WieTier's d&tA 339 

PTiWe'^ Alternator 580 

Dynamos 10, 11, 16, 48, 469 

Willari'B (Jovemor 748 

High-speed engines 426, 434 

Willesden paper {see Insulating materials). 

Wilson, on retardation of magnetism 142 

Winding of alternators 596 

Of armatures 297 

Of field-magnets 872, 607, 611, 621 

Of Lauffen generator 630 
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Winding of alternators — 

Of multiplex armatures 270 

Of polyphase motors 667, 678, 686 

Tables 247, 856, 260, 265, 268, 269, 629 

Of transformers 700, 715 

Relation of, to characteristic 207 

Triplex ^ 278, 274 

Wires (see alio Binding wires and Cores) 776 

Wire-wound armatures 298 

WoTiM de BomiUy, on drum winding 15 

Wood^a arc-light dynamo '. 465 

Wood {see also Insulating materials) 

For distance pieces 286, 804, 807 

For wedges 602 

For driving horns 296 

WoclricKs machine 8, 469 

Work done by conductor in field 104, 486 

Bymotor 496, 501 

Z 

Zbuker*s valve-gear diagn^am 551 

Zicklery on compound winding 242 

Zinc — Cost of, for motive power 485 

Use of, for footsteps 152, 854, 425 

" coil frames 612 

Zipemawshy'a Alternator 684, 611 

Transformer 702 
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